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I. INTRODUCTION 
The interaction of high energy electromagnetic radiation 
with matter has been a subject of much interest to both the­
oretical and experimental physicists for many years. In 
general, the interaction is with either the electrons of an 
atom or with its nucleus. 
The photon-electron interaction has been extensively 
investigated and is quite well understood, with the theoretical 
calculations giving a complete picture. For the purposes of 
this study, the only interest in the photon-electron inter­
action is to calculate its effect upon the spectral shape of 
an incident photon beam. For this reason, further discussion 
is deferred to Appendix A where a brief resume of the 
mechanisms of the interaction is given. 
The main point of interest here is the interaction of 
a high energy photon with a nucleus. The first study of this 
interaction was the work of Chadwick and Goldhaber (l). They 
studied the photodisintegration of deuterium with the 2.62 
Mev /-rays from ThC1' and the 1.8 Mev Z-rays from RaC. From 
the results they were able to conclude that the threshold of 
the reaction lay between 1.8 and 2.3 Mev and thus concluded 
that the neutron was energetically unstable with respect to 
p-decay. Between 1934 and the postwar years some additional 
work was done by several investigators, most prominent of 
whom were Hirzel and Waffler (2), by use of the /-radiation 
2 
from several radioactive nuclei and the X-rays from several 
(p,/) reactions. However, intensive investigations had to 
wait until the postwar development of "betatrons, synchrotrons, 
and linear accelerators in order to obtain the high photon 
energies and intensities that are absolute necessities to a 
detailed study of photonuclear reactions. 
For the purpose of the following discussion, a photo­
nuclear reaction will be defined as any nuclear reaction 
initiated by a photon in which a 7^ -ray or nucléon (or groups 
of these) is emitted. This is essentially the definition 
used by Toms (3) in the compilation of her excellent bibli­
ography on the subject. Note that reactions involving the 
production of mesons are excluded, primarily because of the 
very high photomeson threshold compared to the thresholds for 
nucléon emission. 
Before leaving this introduction, reference must be made 
to several excellent review articles which have appeared in 
recent years. These are the articles by DeSabata (4), Bishop 
and Wilson (5)? Kinsey (6), Levinger (?), Berman (8), and 
Strauch (9)» All of these, especially the articles by Bishop 
and Wilson and by Kinsey in the Handbuch der Physik, provide 
an invaluable introduction to both the theoretical and ex­
perimental aspects of the subject. 
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II. GENERAL REVIEW OF PHOTONUCLEAR REACTIONS 
A. Experimental Techniques 
The commonest tool used in the investigation of photo­
nuclear reactions is the high energy electron accelerator, 
although the recent (10, 11, 12, 13, 14) development of 
practical photon monochromators offers the hope of a more 
powerful weapon. The earliest utilization of an accelerator 
was by Baldwin and Klaiber (15) who were the first to notice 
the resonance shape of the cross section when they determined 
the C^ (T^ n) and Cu^ (X,n) yields by measuring the radio­
activity of the daughter nuclei. Since that time, the extent 
of the work has been such that Toms (3) lists 859 papers by 
758 authors that had been published through December, 1957, 
excluding governmental reports and reports not appearing in 
the general scientific literature. 
The biggest drawback to the use of a high energy electron 
accelerator (this phrase will be used generically to indicate 
a betatron, a synchrotron, or a linear accelerator unless a 
distinction is desired) is that the photon beam is produced 
as bremsstrahlung radiation from a heavy element target. Be­
cause of this feature, the photon spectrum is a continuous 
one ranging from zero energy to the kinetic energy of the 
electron. Since the original calculations of Bethe and 
Heitler (16) much effort has been devoted to calculating the 
if 
bremsstrahlung spectrum. A review of these calculations, 
with particular emphasis on the assumptions used, has recent­
ly been made by the KBS Betatron Group (17). From the ex­
perimentalist's point of view the differences in these calcu­
lations is academic since the experimental accuracy is usually 
an order of magnitude less than the effect of these differ­
ences. The usual procedure is to assume the validity of the 
Schiff (18) integrated over angles spectrum and then to apply 
corrections for the attenuation of the photon beam by all 
matter between the X-ray target and the sample and an addi­
tional correction for the varying efficiency of the monitor 
to photons of different energies. These corrections are 
discussed in more detail in Sections V-A and B. The Schiff 
formula seems to be valid if the following experimental 
conditions are satisfied; (a) the X-ray target is thin, usual­
ly of the order of 1 mil or less, (b) the experimental ar­
rangement is accurately centered on the beam axis, and (c) 
the photon beam diverges at an angle of the order of mc /x 
or greater (where x is the energy of the electron) when it 
strikes thé sample. 
Since the photon distribution is continuous, the number 
of reactions that occur per unit of monitor response <(x) is 
given by 
/•CD 
<(x) = n_ 1 H(x,k)<5(k)dk (l) 
5 Jo 
where 
5 
2 
n = number of target nuclei per cm of sample, 
N(x,k) = number of photons of energy k per unit range of k 
arising from bremsstrahlung from electrons of energy 
x which are incident on the target per unit of 
monitor response, 
<J" (k) = the cross section of the reaction at energy k in 
O 
cm /atom. 
Equation 1 succinctly gives all the difficulties inherent in 
the study of photonuclear reactions with a high energy ac­
celerator. The first, that of determining the spectrum of 
the incident beam, has already been mentioned. Secondly, 
since <f(k) is the desired quantity, the integral equation 
must be solved and the solution must be a numerical one since 
the analytical form of K(x) is not known. An early approach 
to this problem was the "photon-difference" method of Katz 
and Cameron (19). In this method, the experimental yield 
data are smoothed. Then the derivative, d*(x)/dx, is 
determined and in turn smoothed and is used to determine 
further corrections. As a result of this procedure, fine 
structure is eliminated from the cross section curves and it 
becomes difficult to assign consistent errors to the final 
curves. A more recent development, due to Penfold and Leiss 
(20), involves the inversion of the bremsstrahlung matrix and 
is discussed in detail in Section V-A. A third approach, 
which has not yet been developed, is outlined in Appendix B. 
6 
The final difficulty is in the determination of the 
number of reactions per unit of monitor response. There are 
actually two points of concern here, the number of reactions 
and the monitor response. The monitor is usually a charge 
collecting device such as a Victoreen thimble or an ioniza­
tion chamber, and the absolute calibration of the monitor to 
give the relation between the charge collected and the energy 
contained in the incident beam is not trivial. The cases of 
the Victoreen thimble and the HBS ionization chamber (21) 
are discussed in Section V-B. In that section the calibration 
of the monitor actually used in the work reported here and 
described in Section IV-B will also be. discussed. 
The number of reactions that occur can be determined 
in two ways. The direct method, in which the emitted nucléon 
is measured by counters or photographic emulsions, is often 
a powerful weapon since a single experiment can be arranged 
to give the energy and angular distributions of the emitted 
particle in addition to the number of reactions. It has the 
disadvantage of measuring the particles from several dif­
ferent reactions; for example, the use of a neutron counter 
will determine the neutrons from (%,n), (7",2n), and (X,pn) 
reactions without discrimination. In addition, the conver­
sion of the experimental results to absolute yields is often 
difficult. 
The second method is to measure the radioactivity (if 
7 
any) of the resulting daughter nucleus by standard counting 
procedures. The greatest virtues of this method are its 
simplicity and the relative ease of converting experimental 
counting data to absolute yields. The method is of greatest 
utility in the study of (Z,p) reactions since a chemical 
separation gives the daughter nucleus in a pure form. It has 
the disadvantage that the daughter nucleus must have a long 
enough half life so that any necessary chemical separations 
can be accomplished without loss of too much of the initial 
activity but short enough so that high activities can be ob­
tained with relatively short irradiations. Another dis­
advantage is that if multiple reactions, such as (7",p) and 
(Yjpn) occur, the daughter nuclei are isotopic so chemical 
separations are useless for separating the component activi­
ties. In such a case, the resulting activity must be re­
solved into the individual components by graphical or math­
ematical analysis of the decay data. Since the work reported 
here is an example of the latter case, the resolution of ob­
served counting data into the component activities is 
discussed in Section V-C. 
B. Experimental Results 
The most prominent feature of any photonuclear cross 
section is the existence of the so-called "giant dipole 
resonance" at relatively low energies. In general, the vari­
8 
ation of the cross section as a function of photon energy 
resembles the cross sections for heavy particle reactions 
where the peaked shape is caused by the competition of reac­
tions which are successively excited as the energy is raised. 
However, for photonuclear reactions, the peak in the (f,n) 
and Cy,p) reactions cannot be caused by competition from the 
ejection of additional neutrons or protons because the total 
absorption cross section, obtained by adding together the 
cross sections of all possible reactions, is found to be 
peaked near the peaks of the (T,p) and (f,n) cross sections. 
Three principal characteristics of the giant resonance 
are considered to be of importance in any theoretical in­
terpretation of photonuclear cross sections. These are (a) 
the variation of the peak energy, i.e., the energy at which 
the cross section is a maximum, (b) the variation of the 
integrated cross section, and (c) the variation.of the 
resonance width. 
Since every photonuclear process exhibits the giant 
resonance, the remainder of this section will be devoted to 
a summary of the experimental generalizations which can be 
made about these three points for each process and any special 
points of interest. 
1. (Z.n) reactions 
About 40 nuclei have been well investigated both by 
direct neutron detection and by study of the induced radio 
9 
activity of the daughter nuclei. Summaries of the results 
have recently been made by Montalbetti et al. (22) and 
Nathans and Halpern (23). These results show that the peak 
energy increases slowly from about 12 Mev for heavy nuclei 
to about 23 Mev in the light elements. A plot of the peak 
energy versus A can be roughly fitted with the curve 
Emax = 37/A0*18^ . A plot (22) of the (7",n) threshold energy 
roughly follows a similar relation, = 32/A0*320, but this 
seems to be coincidental. Experiments by Nathans and Yergin 
(24) and Cook (25) have shown quite conclusively that Emay 
seems to be a function of A only and the resemblance to the 
neutron threshold is accidental. These experiments measured 
Emax "f>Gr isotopic pairs Mg2^ '2^  %%.90,91^  and C12'^ 3. 
The even-even member of each pair has a high (X,n) threshold, 
whereas the even-odd one has a threshold some 5 to 14 Mev 
lower; on the other hand, E^ .^ is the same for each member 
of the pair. 
The peak value of the cross section varies from about 
3 mb for the light nuclei to about 1 barn for heavy nuclei. 
Nathans and Halpern claim that <f(E ) is roughly a function 
of A3^ 2 while Montalbetti, et al., say the dependence is A^ 3. 
The experimental data are not sufficient to distinguish be­
tween the two. 
For heavy nuclei (A > 60) the values for the integrated 
cross section of the (7',n) reaction more than exhaust the 
10 
classical dipole sum rule (see Section II-C) while more near­
ly fitting a sum rule which includes exchange forces. Below 
A = 50, the (X,n) cross section decreases rapidly and if the 
minimum dipole sum rule is to be satisfied, the major 
contributions must come from other reactions. 
Light nuclei seem to show the existence of a high 
energy tail beyond the giant resonance. The best evidence 
for this is the work on C12 by Barber, et al. (26); the C12 
tail is best described as a 1/k3 dependence beyond 36 Mev. 
Experiments (27, 28) on the angular energy distributions 
show a Maxwellian distribution centered about 3-4 Mev and a 
primarily isotropic angular distribution. There is a small 
admixture of an anisotropic angular distribution with a 
strong 90° anisotropy associated with the higher energy 
neutrons. 
Bishop and Wilson (5) plot the half-width P of the 
giant resonance as a function of A. Their plot shows a 
smooth dependence on A (within the large experimental errors) 
12 
with the exception of magic nuclei, such as C , which show 
anomalously narrow resonances. 
2. (y.p) reactions 
Weinstock and Halpern (29) have reviewed the experiments 
on some thirty elements. They show that the total (X,p) 
yield increases with Z to a maximum around Z = 28 and then 
11 
drops off rapidly to Z &50 where a much slower drop to higher 
Z ensues. In the lighter elements, the proton yield is 
usually greater than the neutron yield, which is contrary to 
the predictions one would make on the basis of a statistical 
model of the reaction (see Section II-C). 
Johansson (30) has measured the angular distribution of 
the protons emitted from C, Al, Hi, and Mo. He found that 
the curve is peaked near 60°. In general, the angular 
distributions show marked variations from one proton energy 
to another and from one element to another. 
The photoprotons ejected by In, Ce, Ta, Pb, and Bi have 
been studied by Toms and Stephens (31). For In, the spectrum 
is peaked at 7 Mev while it has a peak value at about 11 Mev 
for Pb and Bi. Mann, et al. (32) have shown that as the Z 
increases, the energy spectrum is increasingly dominated by 
high energy protons. 
The relatively high proton yields and the energy and 
angular distributions cannot be adequately explained on the 
basis of a statistical' model and the data seem to require 
that at least some of the protons be ejected by a direct 
interaction of the proton with the incoming photon (see Sec­
tion II-C). 
3. (y.2n). (7^ -pn). and other multiple processes 
Few of the double processes have been measured. Berman 
and Brown (33) have measured the (T,2n) yield in Cu^ 3 and 
12 
found it to be about 1/7 of the (T^ n) yield. The results for 
Ta are similar. Measurements of (T,np) reactions are scarce; 
for S32, which has been measured by Katz and Penfold (34), 
the peak cross section (about 1 mb) is small compared to the 
peak cross section expected for the (/,n) reaction. The re­
actions (7,pn) and (7",2n) in Zn^  have been studied by Sagane 
(35) who found them to be roughly 30% and 10% of the (T^ n) 
reaction. This experiment reports the (Z,pn) reaction in 
to be about 5% (with a maximum upper limit of 15%) of the 
(/,p) reaction, although Penfold and Garwin (3&) and Brix, 
et al. (37) report about 30% and 25%, respectively, for the 
same ratio. 
A common feature of these reactions is the appearance 
of a separate resonance some 6 to 10 Mev beyond the (f,n) 
or (f,p) peak. This is most likely related to the higher 
threshold for the double particle emission. 
Some work has been done on higher order reactions such 
as the Mn^  (7,3n) (38), Al27 (Z,2p) (39), Mg24 (Z,3p3n) 
(40), and the Ca^ 0 (f,3p3n) (4l) reactions but the results 
are too sparse to make any valid generalizations. 
4. (7VX) reactions 
Reactions of the (Z,*0 type have been studied in about 
a dozen different elements, principally by Heinrich, et 
(42). In most of the cases, a resonance appears at 22 to 25 
13 
Mev, relatively independent of A or of the threshold energy. 
In general, the total yield is about 10~3 to 10_i+ times that 
of the (7",n) yield which is in satisfactory agreement with 
statistical theory calculations, although slightly high for 
the heavy elements. 
The interpretation of the (Z,o() results on the sta­
tistical basis is not quite clear since the application of 
the statistical theory assumes that o(-particles exist inside 
the compound nucleus ready to be ejected (6). But at 
present, there is no good evidence, except possibly in the 
heavy elements, that the other particles with which the 
\-partieles might be expected to compete are actually derived 
from such a compound nucleus. 
5« (Tlf' ) reactions 
The principal work has been done by Fuller and Hayward 
(43). They have studied the elastic scattering of 4 to 40 
Mev photons by l4 different nuclei ranging from Na to U. A 
plot of the differential cross section for elastic scattering 
versus energy exhibits two peaks; one at a low energy (below 
10 Mev) and another resembling the giant resonance in both 
shape and position. The fall-off of the low energy peak can 
be explained by competition of the (X,n) reaction which has 
a threshold close to the low energy peak. The cross section 
corresponding to the giant resonance varies from about 1 mb 
14 
for Cu to 100 mb in U. The position of this high energy peak 
agrees with the (/,n) results for the heavy elements, but, 
for light nuclei, the resonance is significantly higher (30 
Mev for Na compared to 18.3 Mev from the (X,n) measurements). 
The position of the peak varies as EmaT = but no data 
were taken below A = 23 so that it is still not known whether 
departures from this form occur for lower A as in the (X,n) 
reaction. 
Inelastic scattering has been observed by several ex­
perimenters by measuring the activation of a metastable state 
in the target nucleus. The most interesting feature of these 
reactions is the variation of the cross section with energy. 
At first glance, the cross section seems to be peaked in the 
same way as the giant resonance but the peak energy is much 
lower than the giant resonance and seems to come about by 
competition with the (7%n) reaction. Recent work by Burk-
hardt, et al. (44) indicate that the peak is near the neutron 
binding energy as would be expected if the (7,71 ) peak comes 
about from competition with the (9%n) reaction. 
Fuller and Hayward (43) use the Gell-Mann (45) dispersion 
relation which relates the elastic scattering cross section 
to the total dipole absorption cross section. With their 
experimental integrated cross section for elastic scattering 
they calculate the total absorption cross section and plot 
this versus A. The result satisfies the dipole sum rule with 
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exchange forces of Levinger and Bethe (46) much better than 
the total (f,n) plus (/,p) data. They conclude that the 
giant resonance in the lighter nuclei is considerably higher 
and broader in energy than the available data from (Z,n) and 
(/,p) reactions indicate. In these calculations it is 
necessary to assume that the cross section is a smoothly 
varying function of the energy. If the reported fine struc­
ture discussed in the next section is real and is due to 
discontinuities in the photon absorption cross section, this 
assumption is invalid and the good agreement with the sum 
rule could only be explained as accidental in each of the 14 
elements. 
6. Fine structure of the giant resonance 
During work on the energy calibration of betatrons which 
required high accuracy in establishing the activities produced 
by (T,n) reactions in and at energies just above 
threshold, a series of very well defined and reproducible 
discontinuities in the slope of the yield curves were ob­
served (4?, 48). These breaks have been found by both 
activation (47) and direct (48) methods. In addition, Katz 
and Goldemberg (48) reported breaks in the yield curves of 
the Li7(/,n) and •F^ 9(7,,n) reactions. Since these breaks oc­
cur at different energies for different nuclei it is unlikely 
that they are due to some characteristic of the operation of 
16 
a betatron. 
Some of the breaks in the CV^ CT^ n) activation curve, 
originally reported by Katz, et al. (4?), have been verified 
by Basile and Schuhl (49) using the same method. They also 
observed breaks in the yield curve of the P3^ (/,n) reaction. 
Penfold and Spicer (50) have verified the breaks in the 
0"^ (/,n) yield curve and have found a total of 25 breaks be­
tween 15 and 25 Mev. 
Additional evidence for this fine structure comes from 
the energy distribution of the emitted photonucleons. The 
Pennsylvania group (51, 52, 53) have used emulsions to ob­
serve the photoprotons from Be9, C^ "2, and O^ . Broad 
1 £. -i p 
structure was found in 0 and C that agree very well with 
the excitation function for the inverse reaction where they 
overlapped. Similar results have been observed in the 
Li7(y,t) (54) and C12(/,3o() (55) reactions. 
There have been several attempts (56, 57, 58) to verify 
these breaks with monochromatic photons. All of them have 
failed to duplicate the betatron results and the investigators 
conclude that either the resonances are much smaller than 
those reported or that the energy calibrations are in error. 
Additional evidence against the existence of the breaks is 
the work of Fuller and Hayward discussed above. 
The existence or non-existence of the breaks is still 
one of the unsolved problems in the study of photonuclear 
17 
reactions and it is beyond the scope of this work to go into 
the subject any further. 
C. Theoretical Interpretations 
1. The dipole sum rule 
If the forces between nucléons are considered to be 
ordinary (i.e., classical) forces, an expression for the 
integrated cross section for dipole absorption of a photon 
can be derived from classical electromagnetic theory. For 
El radiation, the cross section for absorption for the transi­
tion from a state o to a state n is 
<ron = (2^ e%/Mo)fon (2) 
where f is the oscillator strength. When a displacement 
from the center of mass of the nucleus is considered, each 
proton behaves as if its charge were e(N/A) and each neutron 
as if its charge were -e(Z/A). Thus the sum of oscillator 
strengths over all nucléons is 
and the integrated cross section becomes 
fW = S = 60 M Mev-mt, . (3) 
Levinger and Bethe (46) show that this simple result 
must be modified when nucléon exchange forces are considered. 
18 
This reduces the generality of the result and the calculation 
of the oscillator strengths must be made with a specific 
nuclear model. For an infinite square well, the integrated 
cross section becomes 
_f°° o(k)dk = 60 ^  (1 + 0.8x) Mev-mb (3a) 
where x is the fraction of exchange force in the neutron-
proton interaction. A different but similar result has been 
obtained by Gell-Mann, et al. (45) by use of dispersion theory. 
This result, which explicitly includes the effect of exchange, 
is 
/•OO ym A 2 
J o(k)dk = 60 —(l + 0.1 u^ ) Mev-mb . (3b) 
It should be noted that these equations are the in­
tegrated cross sections for total photon absorption and thus 
should be equal to the sum of the cross sections for all 
possible reactions - excluding meson production. 
In general, the (T,n) cross sections for heavy nuclei 
(A >75) satisfy the modified sum rule with about 50% exchange 
character. The light nuclei invariably have integrated (tT,n) 
cross sections over the giant resonance that are much less 
than even the sum rule for ordinary forces. This is sub­
stantive evidence for the existence of a high energy tail 
since not even a large (f,p) cross section will bring the 
total integrated cross section over the giant resonance into 
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reasonable agreement with the sum rule. This argument will 
be pursued further in the discussion of the experimental 
results of this study. 
2. Collective versus direct models 
One may examine the nucleus from the standpoint of two 
extreme views. The first, and older, view pictures the 
nucleus as a system of particles bound by strong, short-range 
forces. This is the liquid drop model of Bohr and Wheeler 
which has had considerable success in explaining heavy 
particle reactions in heavy nuclei. The other viewpoint as­
sumes that each nucléon in a nucleus moves in an average 
field of spherical symmetry and that its motion is independent 
of the instantaneous positions of all the other nucléons. 
This is the simple Mayer and Jensen shell model and it has 
had considerable success in characterizing the properties of 
low-lying levels in the light nuclei. 
These two models give diametrically opposite pictures 
of the photon-nucleus interaction. The liquid drop model 
gives a compound nucleus in which the energy of the incoming 
photon is absorbed and quickly shared among all the nucléons 
before any re-emission can occur. The formation and de­
composition of the compound nucleus are considered to be 
completely independent processes and the particle ejection 
from the compound state is completely independent of how the 
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state was formed. In this view, an overall photonuclear 
reaction is considered to be the sequence of reactions 
ZA + /—*[zA] * D [z'jA' + x 
(where x is any particle or aggregate of particles) and the 
cross section for the reaction is the product of two terms, 
namely 
6(7,x) = <5^ C/)G(x) 
where <5^ (Y) is the cross section for photon absorption into 
the nucleus ZA and G(x) is the (normalized) probability that 
r Al* the particle x is ejected from the compound nucleus j_Z J in 
competition with all other processes. 
The shell model view gives a direct interaction in which 
the full energy of the incident photon is absorbed by a 
single nucléon,and, as a result, the nucléon is emitted if 
the acquired energy is greater than the threshold for emis­
sion. 
Variations and modifications of these two extreme views 
form the basis of the models discussed below. 
3. The Goldhaber-Teller model 
This model was proposed shortly after the discovery of 
the giant resonance. In this treatment the nucleus is con­
sidered to be a classical two fluid system. When a photon 
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is absorbed, the protons interact with the electric field of 
the photon and thus start moving collectively. Various as­
sumptions are now made about the nature of the restoring 
forces between the neutron and proton fluids: 
a. The restoring force is assumed to be proportional 
to the displacement. This gives a constant value of 
since the oscillation is harmonic and the max 
"Hooke's law" constant is assumed to be the same 
for all nuclei. 
b. The neutronic and protonic fluids are considered 
to be incompressible but interpenetrating. In this 
case the restoring force is proportional to the non-
2 
overlapping surfaces and thus to R . The frequency, 
and thus the energy, of the motion is proportional 
to the square root of the restoring force divided 
by the mass, i.e., E^ c^( \)F/M ot {R2/R3 fT^ ~ . Thus 
Emax *s proportional to A~^ .^ 
c. The neutron and proton fluids are compressible but 
nucléons retain fixed positions with respect to each 
other. In this case motion of the particles causes 
density changes and the restoring force per unit mass 
will be proportional to the gradient of these densi­
ties. The maximum density change per unit mass is 
proportional to 1/R so the gradient is proportional to 
1/R2. Thus is proportional to 1/R or to A-1^  „ 
22 
The work on the (T^ n) reaction seems to favor the second 
model hut the evidence is not sufficient to rule out the 
third. Steinwedel and Jensen (60), Danos and Steinwedel 
(61), and others (62, 63) have made detailed investigations 
of the third case, primarily because of its analogy to the 
rotational shell model and have had some success in applying 
their calculations to highly deformed, heavy nuclei, just 
the cases where the rotational model is most successful. 
The Goldhaber-Teller model exhausts the ordinary dipole 
sum rule, as it must, since it includes all dipole oscilla­
tions and ignores exchange forces. The model also predicts 
a non-zero quadrupole absorption, but the ratio of dipole to 
quadrupole excitation should be of the order of (X/R)2 where 
X is the wavelength of the incident photon and \ is assumed 
to be much larger than R. 
At first glance, the model seems to predict a strong 
90° anisotropic angular distribution since the oscillation 
comes about from the interaction of the protons with the 
electric field of the photons ; thus the oscillations should 
be constrained to remain in a plane perpendicular to the 
photon direction. While this may be true initially, the 
formation of the compound nucleus requires that the energy 
be quickly shared by all the nucléons, so the (initial) 
planar oscillations are rapidly (i.e., before particle emis­
sion) converted to an isotropic oscillation. Thus the emis­
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sion of particles is isotropic. 
The width of the giant resonance is assumed to come 
about- as a frictional effect between the nucléons. A value 
for the width has been calculated by Wildermutn (63) from 
the time for a neutron in the neutron fluid to be scattered 
by a proton in the proton fluid. 
4. The statistical model 
The Goldhaber-Teller model just concerns itself with 
the absorption of the photon and says nothing about the emis­
sion of the nucléon. However, as was mentioned above, the 
assumptions used in the description of this absorption process 
requires the formation of a compound nucleus and thus the 
emission of the particle from the compound state must follow 
the statistical theory. This theory pictures the emission 
of particles as an evaporation process from the excited com­
pound state. If the level density of the residual nucleus 
increases rapidly with increasing energy, then it follows 
that the energy distribution of ejected particles would have 
a Maxwellian form centered about some mean energy. One 
important consequence of this is that this mean energy is 
much less than the excitation energy; for example, if the 
excitation energy is about 20 Mev, the mean energy will only 
be about 3-4 Mev. At such low energies proton emission is 
strongly inhibited by the Coulomb barrier and so one would 
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expect many more neutrons to be emitted than protons. De­
tailed calculations show that the ratio of (?%p) to (X,n) 
reactions should vary from about one in the light nuclei to 
about 10~5 in the heavy elements. 
Furthermore, the theory requires that the particles be 
emitted isotropically, since it is just as likely for one 
particle to gain sufficient energy for ejection (neglecting 
barrier effects) as any other. 
Consequently, because of the experimental results 
discussed above, one is drawn to the conclusion that, while 
a compound nucleus model may describe the C/,n) and multiple 
particle reactions quite well, it fails badly in so far as 
(Y,p) processes and those processes involving emission of 
high energy particles are concerned. 
5. The direct uhotonuclear effect 
The first attempt to explain the anisotropic angular 
distributions of the ejected particles and the high proton 
yields was made by Courant (64). He proposed that the primary 
interaction between a photon and a nucleus is not the absorp­
tion of the photon with formation of the compound state but 
rather, the absorption of the photon by a single nucléon 
which is subsequently emitted before it can share the energy 
with the other nucléons. In order to account qualitatively 
for the effects seen in the heavy nuclei, the probability of 
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such a direct interaction need only be a small fraction of 
the probability of compound nucleus formation. 
In principle, the nucléon may be emitted from any shell 
leaving the residual nucleus in a large range of excited 
states from which its subsequent decay may be calculated by 
statistical theory. However, in Courant1 s theory, such de­
tails are ignored; he assumes that the nucléon is ejected 
from the valence shell, leaving the other nucléons un­
disturbed and then calculates the probability that a valence 
nucléon will absorb a photon and then be ejected. 
The angular distribution resulting from this process 
(which is assumed to be dipole absorption) is of the form 
p (a + bsin 9), and so a 90° anisotropy is to be expected. The 
ratio b/a, i.e., the ratio of anisotropic to isotropic emis­
sion, is given by 
b/a = (^ + 2)/2V£ for A-*A+ 1 transitions 
= (X- l)/2(-£ + l) for JL—îJL- l transitions 
and so the anisotropy should not be large except for ejection 
from an s-shell. 
Although it is clear that some kind of direction inter­
action is required to account for the experimental results, 
the Courant model seems to be inadequate for two main reasons. 
First, the calculated cross sections are too small by factors 
which vary from k to 13 (31). However, the theory is quite 
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crude and, as Courant has pointed out, there are several 
neglected factors which, if they were taken into account, 
would raise the predicted cross sections. Despite this, as 
Toms and Stephens (31) have pointed out, the Courant theory 
describes the proton energy spectra in the heavy nuclei quite 
well, provided the results are scaled to fit the data. 
The second, more serious deficiency, is in the treatment 
of the angular distributions. It was mentioned above that 
the observed angular distributions of high energy particles 
are often sharply peaked about 90° giving a much higher value 
of the ratio b/a than can be accounted for by the theory. In 
addition, the angular distributions are sometimes quite un-
symmetrical about 90° and, in the Courant model, such 
distributions are impossible. 
Thus the conclusion is inevitable.that the Courant 
theory, while very useful as a first approximation to the 
treatment of direct interactions, is incomplete and additional 
details must be inserted into the interaction in order to 
obtain more realistic results. 
6. The Wilkinson model 
Wilkinson (65), (5) gives a rather complete picture of 
the photonuclear effect by making use of shell-model states. 
This approach differs from Courant1 s theory in that it con­
siders all possible transitions from all shells (both closed 
2y 
and valence) rather than only valence shell transitions. In 
fact, he shows that the only transitions which make appreciable 
contributions to the dipole sum are those for which the 
initial state is a closed shell and for which both the initial 
and final states have nodeless wave functions, i.e., states 
having high & values. The reason for this predominance of 
transitions from closed shells arises from a consideration 
of the enhancement factors evaluated by Lane and Radicati 
(66). According to this calculation (5), the transitions in 
which a nucléon falls from a level with Jt + 1 + •§• to a closed 
shell with A ± i has a radiative width Py which is larger 
than the single particle width by the factors (3/2)(^ 6 +2) 
and (3/2)(2 Z+ 3)/(2>£ + l), respectively. This enhancement 
does not arise from specific.dynamic correlations, as in the 
Goldhaber-Teller model, but is a consequence of the Pauli 
principle acting on closed shells. 
The actual calculation of the transition strengths and 
transition energies proceeds according to the following 
prescription: 
a. The order of the filling of the levels is taken from 
the spin-orbit coupling model (67), 
b. All allowed transitions from closed shells are writ­
ten down using the dipole selection rules, i.e., 
\t>JL | = 1, jùj | = 0,1, as the criteria for the 
allowed transitions, 
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c. The strength of each transition, , is calculated, 
The pertinent data are in Tables 1 and 2 which were 
taken from Wilkinson1 s paper (65), 
d. All transitions from initial states of the same n 
and % and which go to final states of the same nf 
and jix are grouped together, i.e., the transitions 
ld5/2~""*lf7/2 ' ld5/2 ?lf5/2' and ld3/2 ?lf5/2 
are grouped together as a id—>lf transition, 
é. The energy of the transition is taken from the level 
splitting of the infinite square well model. 
Table 1. Lane and Radicati enhancement factors 
Transition Enhancement 
2 ? J L +  1 + 1  l ) ( j f +  2 ) / ( 2 J ? +  3 )  
^ + i — 1 - 1  ( j g +  l ) / ( 2 / +  3 ) ( 2 j ? +  1 )  
JL+ i i - l  (JL+ I)/(2-6+ i) 
It will be noted that the last two steps are a drastic 
simplification but are inevitable. To be more correct, the 
energies for each transition should be calculated from the 
spin-orbit coupling model, but this is impossible to do at 
present. The reason for this is that the term in the nuclear 
Hamiltonian which gives the splitting of the levels of dif-
ferent j-values is of the form f(r) 0"«J? and the present 
state of knowledge is such that f(r) cannot, in general, be 
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Table 2. Overlap integrals 
Transition D 
tVTDe X- 0 1 2 V 4 5 6 
l X -9  l JL  +  1 0.280 0.380 0.440 0.490 0.530 0.560 0.580 
2X- *  2Â  +  1 0.230 0.280 0.330 0.370 — — -
3i-?3^ + 1 0.220 0.250 - - — — -
li 2Jt - 1 - 0.092 0.065 0.050 0.039 0.036 -
1/ - 9  2JL  +  1 0.001 0.002 0.002 0.003 — — -
2^ -> 3-1-1 - 0.120 0.090 - — — -
calculated and must be inferred for specific nuclei from ex­
perimental knowledge of excited states. Wilkinson (65) has 
commented that this procedure does not affect the ordering 
of the transitions but will only lower the transition energies 
(since the finite square well, for example, has levels closer 
together than they are in the infinite square well). 
Wilkinson then shows how these transitions cluster 
around a resonance energy Emax» The simple calculation 
discussed above gives the correct spread in the transition 
energies but the calculated values of are too low -
about 9 Mev in the heavy nuclei compared to the observed 14 
Mev. In order to bring the calculated resonance energies 
into better agreement with the experimental results, Wilkinson 
suggests the use of a velocity dependent potential such as 
that proposed by Brueckner (68). The effect of this potential 
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is to replace the nucléon mass M with an effective mass M/2. 
If this is done, the results for the heavy elements agree 
with the experiments but the calculated resonance energies 
for the light nuclei are now too high. What seems to be 
needed to bring the calculation into agreement with experi­
ment for all A is a potential which results in an effective 
mass of M for light nuclei and M/2 for the heavy elements. 
The theory predicts (5) the integrated cross section of 
a reaction to be given by 
where the summation is over closed shells and R is the 
nuclear radius. The result is correct for the light elements 
but is too small by a factor of two for the heavy elements. 
This difference may be due to both experimental and the­
oretical factors. The experimental results often contain 
the results of multiple particle reactions and possible 
contributions due to Ml and E2 transitions which the theory 
does not include. Also, the theory does not consider transi­
tions from valence shells which are more important for the 
heavy elements. 
Wilkinson next shows how the net result of this inter­
action may sometimes be a direct process and sometimes a 
compound nucleus formation. A nucléon in a closed shell 
absorbs a photon and is elevated to a higher shell. The 
(4) 
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excited nucléon remains in this orbit until collisions with 
other nucléons effect a redistribution of the energy. The 
length of time this redistribution takes is governed by the 
mean free path of a nucléon in nuclear matter which (5), 
from the cloudy crystal ball model analysis of neutron scat­
tering, is as large as 20 fermis. If the nucléon is emitted 
before this redistribution occurs a direct process takes 
place; if after, a compound nucleus is formed. The ratio 
of direct process to compound nucleus formation is given by 
c - 2k P CS2/MR) m 
u " 2W 
where k is the nucléon wave number, P is the penetrability 
o 
of the Coulomb and angular momentum barriers, "6 /MR is the 
single particle reduced width and W is the imaginary part of 
the cloudy crystal ball potential. 
This redistribution process leads to a broadening, and 
for the heavy nuclei a coalescence, of the individual levels. 
For, by the uncertainty principle, the broadening is given by 
^ E = " & t = h A " 2 M e v  
where À is the mean free path of a nucléon in nuclear matter 
and v is the average velocity of a nucléon in the nucleus. 
The total width of the giant resonance is determined by four 
factors : (a) the damping width of the individual levels, (b) 
the spread in absorption energy of the shells due to con-
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figuration mixing, (c) transitions of valence shell nucléons 
which straggle widely in energy, and (d) recoupling of valence 
nucléons during absorption into a closed shell. The effects 
of (c) and (d) can be seen in the anomalously narrow widths 
of the giant resonance in the doubly magic nuclei 0^ , Si2®, 
kQ 
and Ca . These have widths of about 3*2 Mev compared to the 
usual value of about 6 Mev. 
Finally, the angular distribution of the direct photo-
nucleons can be calculated for the Wilkinson theory and, for 
ejection from the /-orbit, is given by 
wee) = i + sin2© . (6) 
Thus the ratio of anisotropic to isotropic emission is 
(X + 2)/2jl and so the Wilkinson theory predicts a more aniso­
tropic distribution than the Courant theory and consequently 
is in better agreement with experiment. If more than one 
transition is important, the overall distribution will be 
given by 
W(6) = JE ( l  +  Kl + ) s in2 ©J (6a) 
where the are related to the transition strengths and the 
sum is over the allowed transitions. Thus the Wilkinson 
theory does not allow angular distributions which are not 
peaked at 90°. 
From this discussion, it should be clear that the 
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Wilkinson model is in quite good agreement with the experi­
mental results in almost all respects and allows at least 
semi-quantitative calculations to be made. The only serious 
drawback to the model is the low values that one calculates 
for the resonance energy. If the answer does lie in the use 
of a velocity dependent potential as Wilkinson asserts, this 
introduces a correlation between nucléons other than that 
implied by the Pauli principle, and approaches the collective 
model. 
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III. THE ARG0H-40 PROBLEM 
Argon-40 is a medium weight nucleus, and so is in the 
region where deviations from a simple shell model of photo-
nuclear reactions might be expected to start appearing and the 
conditions for the liquid drop model to start becoming im-
40 portant. Consequently, a study of photonuclear reactions in A 
may be expected to give considerable information on the de­
tails of these reactions, especially in so far as competition 
between the direct and statistical mechanisms are concerned. 
Shortly before the work reported here was started, 
McPherson, et al. (69) reported a study of the (r,a) and 
()f,p) reactions in A**0. The results, particularly the (7",p) 
measurements were unusual; the characteristics they obtained 
are shown in Table 3* The first item of importance is that 
Table 3* Reported characteristics of photonuclear reactions 
in A1*0 
Reaction 61rltCto 25 Mev) 
A (TT,a) 20 Mev 38 mb 350 Mev-mb 
A (T>p) >25 Mev > 120 mb 5^ 0 Mev-mb 
the maxjmum cross section of the (r»p) reaction is more than 
four times that of the (V,n) reaction, whereas the usual 
ratio to be observed in this region is about one. Much more 
remarkable results are the values of the integrated cross 
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sections. It will be noted that the sum of the integrated 
cross sections for the two reactions to 25 Mev almost ex­
hausts the dipole sum even for 100% exchange forces (which 
is a ridiculously high value to use; the more customary 
figure is about 50%) and even though the integration to 25 
Mev only covers about half of the (X,p) cross section. 
Because of these results, it was considered desirable 
to repeat the (/,p) measurements with the aim of verifying 
the reported results and to extend the measurements of the 
(Y,p) cross section to kO Mev to cover the giant resonance 
region. 
In the course of preliminary experiments with maximum 
energy br ems s trahlung (at the time, this was 70 Mev) several 
decay studies of the Cl activity produced in the irradiation 
were made. The observed half-lives were consistently 52 to 
53 minutes although the reported (70) half life is 55*5 ±0.2 
minutes. To test the possibility of Cl^  production by a 
(Y,pn) reaction, a /-spectrum was obtained which is shown 
in Figure 1. The decay schemes of Cl^  and Cl^ ®, as given 
by Strominger, et al. (71), are shown in Figure 2. A 
comparison of the two clearly shows the presence of both 
Cl^  ^and Cl^ ® activity in the irradiation product. Thus the 
study of the (7%p) reaction in A^  must include some provi­
sion for separating the activity produced by the (Z,pn) reac­
tion; this is discussed in detail in Section V-C. 
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Some studies of the energy and angular distributions 
of the emitted protons have been made by Wilkinson and Carver 
(72), Spicer (73), Gudden and Eichler (74), and Komar and 
Iavor (75). Discussion of the results are out of place here 
but will be given in detail in Section VII. 
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IV. EXPERIMENTAL 
A. Materials 
The argon used in this study was Matheson tank argon 
which was utilized without further purification. A sample 
of this gas was analysed by mass spectroscopy through the 
courtesy of Dr. H. J. Svec of the Ames Laboratory. The 
analysis gave the following results: 
a. Isotopic composition 
A36 0.317 atom# 
A3® 0.064 atom# 
A^ ° 99-620 atom# 
b. Impurities 
Ng $ 100 ppm 
CO2 2^00 ppm 
E20 <300 ppm 
02 £ 25 ppm 
The isotopic composition of naturally occurring argon, re­
ported by Strominger, et al. (71), is 
A36 0.337 atom % 
A3® O.O63 atom % 
A5*0 99.600 atom % 
Svec (76) has commented that this difference is usual and 
arises from the fractionation of natural argon during its 
manufacture, the fractional distillation of liquid air. Be-
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cause of the very small error introduced (much less than 
either the statistical or experimental errors), all calcula­
tions were made assuming the sample to be 100% argon-40. 
Carbon samples were used in the form of I.38 in. discs 
cut from sheet polystyrene, which had a thickness of about 
p 
225 mg/cm . Copper and silver targets were also 1.38 in. 
discs, cut from sheets of the pure metal, which had thick-
2 
nesses of about 350 mg/cm each. 
The chloride carrier was prepared from "Baker Analysed" 
reagent grade potassium chloride and contained 5.00 mg/ml of 
Cl" ion. This value was obtained both by weighing out a 
predetermined amount of dried KC1 and by checking the result­
ing solution by titrating aliquots with a standard solution 
of silver nitrate using the Mohr method (77). The AgNO^  
solution was standardized by titrating samples of constant 
boiling HC1, again using the Mohr method (78). 
All reagents used in the preparation of the AgCl samples 
were prepared from Baker or Merck reagent grade chemicals. 
B. Equipment 
1. Synchrotron 
The Iowa State synchrotron used in this work was 
constructed by the General Electric Company. With good energy 
control, the maximum energy of the machine is 42 Mev. How­
ever, if energy control is sacrificed, the maximum brems-
kl 
strahlung energy can be increased to 70 Mev. The machine is 
equipped with a donut-shaped acceleration chamber (hereafter 
called the donut) with walls of T inch ceramic material 
(composition before firing: 28# ball clay, 20# kaolin, 32# 
sodium feldspar, and 20# flint). The stable orbit of the 
accelerating electrons has a 29.2 cm radius at a frequency 
of 170 Mc/sec. The bremsstrahlung target is a 5 mil tungsten 
foil attached to the inner surface of the donut at a position 
of minimum radius. 
The energy control (commonly called the integrator) of 
the electrons striking the tungsten target is obtained by 
electronically computing the magnetic field at the radius of 
the orbit and then rapidly expanding the electron orbit when 
the magnetic field had reached a predetermined value. The 
operation and calibration of the integrator has been ex­
tensively discussed by Bawls (79). He found a linear rela­
tion between the integrator setting and the electron momentum 
given by 
Y = 0.713% - 0.100 
where Y is the electron momentum in units of Mev/c and x is 
the integrator setting. 
In order to test the integrator stability over a relative­
ly long period of time, copper and silver activation curves 
were obtained three times over a period of eight days. These 
activation curves are shown in Figures 3 and 4; it can be 
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seen from these curves that the run to run variation on the 
same day was at least as great as the day to day variations. 
2. Arrangement 
The complete experimental arrangement for the argon ir­
radiations is shown in Figure 5* All components were aligned, 
in turn, with respect to the beam axis by the exposure of 
film packets of Kodak Personal Monitoring Film, Type 1, to 
the beam. Fifty mil lead foil radiators in contact with the 
film packet were used to intensify the beam spot by secondary 
electron production. The size of the beam, as determined by 
this method, at the mid-point of the irradiation chamber is 
also shown (to scale) in Figure 5» After the initial center­
ing of the equipment, the alignment was periodically checked 
by a point source of light originating just outside the donut 
and on the beam axis. 
For some of the experiments dealing with dosemeter 
response, the irradiation chamber was replaced by a 9 x 9 x 12 
inch paraffin block, also shown in Figure 5- A 100 roentgen 
Victoreen thimble was placed in a hole perpendicular to the 
beam axis and the beam traversed nine inches of paraffin 
before reaching the thimble. Copper and polystyrene targets 
were placed at the end of the block, three inches from the 
thimble, in a holder which allowed a reproducible geometry. 
In order to simplify the calculations, a hole was drilled in 
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the paraffin and the holder so that the beam only traversed 
air between the thimble and the samples; any attenuation of 
the beam due to the traversal through the air path was 
neglected. 
For other experiments dealing with the dosemeter re­
sponse, an absorption ionization chamber (hereafter called 
the UBS chamber), identical to the one developed by Pruitt 
and Domen (80), was used instead of the Victoreen thimble -
paraffin block arrangement. Copper samples were placed at 
the back of this chamber, again in a holder which allowed 
reproducible geometry. 
3. Collimator and beam hardener 
The collimator consisted of a lead cylinder, three 
inches in diameter and five inches in length with a 5/8 inch 
o.d. and 1/2 inch i.d. copper tube along the axis of the 
cylinder. The beam hardener, a seven inch piece of one-half 
inch lucite rod, was placed inside the tube. The effect of 
the beam hardener is shown in Figure 6. The data for the 
emitted spectra were taken from the tables of Penfold and 
Leiss (20), and the attenuation was calculated, by the 
procedure discussed in Appendix A, from the attenuation co­
efficients of Grodstein (8l). It should be noted that in 
addition to the beam hardener, the curves of the hardened 
spectra in Figure 6 also include the attenuation of the 
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photon beam due to the donut wall, the ionization chamber, 
and all air in front of the irradiation chamber. However, 
at all energies, the effect of these three factors is very 
small compared to the beam hardener. 
4. Sweeper magnet 
The sweeper magnet is shown in Figure ?• Its field, 
measured by a Rawson rotating coil magnetometer, was 10,000 
gauss; which gives a radius of curvature of 13 cm to 40 Mev 
electrons. The stray field outside the magnet at the posi­
tion of the ionization chamber was 75 gauss; which gives a 
radius of curvature of about 65 cm to 1 Mev electrons. The 
transmission path was lined with aluminum to absorb electrons 
deflected out of the X-ray beam by the magnetic field. 
With the beam hardener in place and the magnet on, the 
response of the ionization chamber to synchrotron radiation 
was about 70% of the response with the magnet off. When the 
beam hardener was removed, the response was essentially the 
same whether the magnet was on or off, indicating that the 
unhardened X-ray beam was relatively free of electrons at 
the irradiation site of the experiment. 
5. Transmission ionization chamber 
The ionization chamber (henceforth called the dosemeter 
for the sake of brevity) is shown in Figure 8; and the as-
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sociated electronic equipment, designed by Dr. A. J. Bureau 
of the Ames Laboratory, is in Figure 9. The high voltage 
and collector plates were made from 10 mil aluminum foil and 
the ground plates from 25 mil sheet copper soldered to the 
end plates. The case and end plates were machined from 1/8 
inch brass stock. The spacer-insulators were teflon annuli 
held in place by teflon rods passing through the spacers and 
the five plates. The dimensions of the spacers were such 
that the complete assembly was slightly wider than the case. 
Thus, when the endplates were fastened down, pressure was 
exerted on the foils and the connections, providing excellent 
electrical contact without the use of solder. High voltage 
and collector leads were through standard male ,BNC connectors. 
The Curtiss-Wright electrometer has three voltage set­
tings corresponding to 10, 100, or 1000 mv. When the 
electrometer had collected charge corresponding to the set­
ting, a relay automatically shorted out the charging capacitor 
and advanced a Veeder-Root register. This mechanism gives 
rise to the unit of dosage used in this study, one "click". 
That is, each click corresponds to a predetermined amount of 
voltage which in turn corresponds to a given amount of charge 
collected through the total capacitance of the circuit. 
Tests indicated a resistance of better than 10"*"^  ohms 
between high voltage and ground, high voltage and. collectors, 
and collectors and ground. Additional tests showed essential-
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ly zero leakage of charge for periods as long as four hours. 
The dependence of the dosemeter to voltage and to radia­
tion intensity is shown in Figures 10 and 11. During actual 
experimental runs the response of the dosemeter was well 
within the linear region of the 100 mv scale of the elec­
trometer and this setting was used exclusively. 
Because no attempt was made to hermetically seal the 
chamber, the response was checked with an intense Sr^  
electron source in a reproducible geometry before each ir­
radiation. The maximum variation (due to variations of 
temperature, pressure, and humidity) of the response to this 
source was less than 10$ and was always normalized to an 
arbitrary value. 
The dosemeter was operated with -1250 volts DC, obtained 
from a Kepco Model 1220B Regulated DC Power Supply, applied 
to the high voltage plate; the complete circuit drew less 
than 0.5 ma. 
Because of the importance of the calibration of the 
dosemeter and since the calculations are somewhat involved, 
discussion of this topic is best deferred to the following 
sections. 
6. Irradiation chamber 
The irradiation chamber, shown in Figure 12, was made 
of brass with 25 mil copper foil windows for passage of the 
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photon beam with minimum attenuation. The windows sat against 
the "0"-ring seals and provided a pressure tight fitting. No 
leakage of gas could be detected for periods as long as 
40 hours. 
The polystyrene monitor was held in the center of the 
chamber by means of the holder shown. 
?• Pressure and temperature regulation 
The irradiation chamber was filled with argon gas while 
fully immersed in a water bath. The chamber remained in the 
bath for at least 15 minutes to insure thermal equilibrium 
between the gas, chamber, and water. The temperature of the 
gas was then assumed to be equal to the temperature of the 
water which was measured with a standard mercury thermometer 
that could be read to 0.1°C. 
The chamber was filled from a tank through a standard, 
two stage pressure regulator. The pressure was measured with 
a precision laboratory gauge which had been calibrated by a 
Crosby dead weight weight gauge tester (82) and could be read 
to 0.5 psi. 
The chamber was filled four times to about 220 psi and 
emptied three times to insure complete removal of air. After 
thermal equilibrium had been established, the final pressure 
was adjusted to correspond to 200 psi at 300°K. For all 
practical purposes, this pressure, in psi, is given by 
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where T is the absolute temperature. By this method, the 
LlQ 2 
number of A nuclei/cm was constant for all runs. 
8. Counting and recording equipment 
The AgCl, polystyrene, copper, and silver samples were 
all counted with Tracerlab TGC-2 Geiger-Mueller tubes in lead 
holders equipped with the usual shelf arrangements. The 
characteristics of the tubes and the shelf geometries are 
shown in Table 4. The output voltage pulses from the G-M 
tubes were fed into Nuclear Instrument and Chemical Corp. 
Model l6l scalers, and pulses from the registers were fed 
into Streeter-Amet "Ametron" counters. A block diagram of 
the arrangement is shown in Figure 13. One of these counters 
(SCIA-F20B) had variable time settings while the other had a 
fixed time setting. To synchronize these counters and to 
allow both of them to be activated for variable times, they 
were rewired so that the latter would be activated by the 
time signal from the former, and the two would count and 
stamp simultaneously. 
The efficiencies of the G-M tubes for the detection of 
the beta-radiation from C1^ 9 and Cl^  were determined by 
using a Y^  source. samples were prepared as very thin 
' 1 oi 
Y has an almost pure (99.8) beta-radiation of 1.55 
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Table 4. Counting characteristics of the G-M tubes and 
holders 
Tube A Tube B 
? Window thickness (mg/cm ) 1.5 2.3 
Operating voltage (volts) 1550 1450 
Dead time (]imin)a -v 2.¥4 + 0.13 1.77 ± 0.04 
Activity of standard source (cpm) 
Shelf 1 27,900 + 167 16,350 + 191 
Shelf 2 15,820 + 73 19,650 ± 89 
Shelf 3 9,150 + 36 10,530 + 51 
Shelf 4 5,870 ± 29 6,590 ± 33 
Shelf 5 „ 4,100 + 20 4,050 + 20 
Shelf ratio 
Shelf 1/Shelf 2 1.82 + 0.l4 1.91 ± 0.06 
Shelf 1/Shelf 3 3.20+0.24 3.62+0.12 
Shelf 1/Shelf 4 5.03 ± O.38 5.83 + 0.19 
Shelf 1/Shelf 5 A 7.23 ±0.54 9.52 ± 0.30 
Efficiency (per cent) 8.68 + 0.06 10.34 + 0.08 
aGrand mean of five measurements between 10,000 and 
60,000 cpm by the twin source method (83). 
A^ U2O3 source mounted in the same way as the AgCl 
samples. The activities are not corrected for dead time. 
C^orrected for dead time. 
S^ee text. The results were normalized to the indicated 
activities of the standard source. 
sources (thicknesses of the order of a few micrograms/cm ) 
on "Tygon" film. These samples were counted in a Tracerlab 
4T counter through the courtesy of Mr. J. E. Crook of the 
Ames laboratory. In such an arrangement, the efficiency of 
(continued from preceding page) Cl^  (the predominant 
activity formed in the irradiation of a40 with X-rays) has 
1.65 Mev (93$) and 2.96 Mev (7%) betas. Thus the Y?1 is an 
excellent match to Cl39 as far as energies of the particles 
are concerned, and so the losses due to scattering and absorp­
tion in the two activities will"be almost identical. 
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the detector is essentially 100$, and so the observed count­
ing rate is a direct measure of the number of radioactive 
nuclei present. The Y^ 1 samples were then mounted in the 
same way as the chlorine samples (see below for details of 
the mounting). The assembly was counted with the G-M tubes 
with and without a 5 mg/cm" aluminum absorber; the absorber 
reduced the activity by about The efficiency was con­
sidered to be the ratio of the observed counting rate with 
the absorber^  to the counting rate in the 47T counter after 
all necessary corrections for background, dead time, and 
decay had been made. 
The "Ametron" counters would accept register pulses 
only, so that all counts less than one scaling factor (4, 8, 
16, ..., 256) could be lost during the counting cycle. To 
prevent these losses from becoming statistically serious, the 
scaling factor was chosen to be less than the register read­
ing; under this condition, any counts that were lost were 
less than the standard deviation, for 
<r = ff = \Prs>s 
where N is the total number of counts during the counting 
1 The AgCl samples usually had thicknesses of about 10 
2 
mg/cm so the calculation described assumes that all of the 
Cl activity is located in a plane midway in the sample in so 
far as scattering and absorption effects are concerned. For 
energetic particles, this assumption is quite good as can be 
seen from the fact that the 5 mg/cm^  absorber only removes 
about \% of the activity. 
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period, S is the scaling factor, and B is the register read­
ing. In actual practice, the scaling factor was chosen as 
small as possible without overloading the register; this 
usually necessitated changing the scaling factor one or more 
times during a decay run. 
C. Procedure 
1. Argon irradiations 
Before each run, the irradiation chamber was dipped in 
1:1 nitric acid to ensure removal of any oxide coating and 
to provide a fresh metal surface. After thorough washing 
and drying, the polystyrene monitor was inserted and the 
chamber was capped. The chamber was then filled and the 
pressure adjusted to correspond to 200 psi at 300°S by the 
method described above. 
During the preliminary preparations, the synchrotron 
and related equipment were warming up to insure maximum 
stability. Before each irradiation the response of the dose­
meter was checked with the Sr^  source and the desired 
maximum energy of the electrons was set on the integrator. 
An irradiation period of exactly one hour was measured by a 
stopwatch, and the radiation intensity, indicated by an 
ionization chamber, was held as constant as possible. At the 
time the beam was shut off, additional stopwatches were 
started, and all the times of counting delays were measured 
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from the "beam shut off. 
After the irradiation the argon gas was bled off, and 
the chamber was opened. The walls were washed with a solu­
tion consisting of 3 ml of Cl~ carrier (containing 5-00 mg/ml 
of CI" as KCl), 5 ml of concentrated HHO^ , and 45 ml of hot 
distilled water. The chamber was recapped and rolled so that 
the solution made complete and repeated contact with the 
walls. The solution was poured off and the chamber was washed 
twice with dilute nitric acid. McPherson, et al. (69) have 
commented that this procedure completely removes all chlorine 
from the walls and, furthermore, that all the chlorine formed 
in the irradiation is deposited on the walls. As confirma­
tion of this statement the results summarized in Table 5 are 
cited. It can be seen from this table that the washing 
procedure is better than 99$ effective in recovering all 
chlorine produced in the irradiation. 
Silver chloride was precipitated from the combined wash 
solutions by the dropwise addition of 1 ml of 10$ AgNOg solu­
tion. The precipitate usually coagulated quite quickly upon 
the heating of the solution, but occasionally, for unknown 
reasons, coagulation was impeded. In such cases addition of 
one or two grams of solid (NH^ S^O^  was sufficient to ac­
complish coagulation. The precipitate was collected on a 
3 cm disc of Whatman #40 filter paper by the usual porous 
plate-filter chimney arrangement as described by Bleuler and 
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Table 5* Sources of chlorine activity 
Source Activity 
Gasa h ± 5 cpm 
Removed from the walls*5 12,150 + 60 cpm 
Remaining on the walls0 73 ± 51 cpm 
M^easured by bubbling argon gas after the irradiation 
through dilute HCl and precipitating and counting AgCl in 
the normal way. 
M^easured by washing the walls, precipitating, and 
counting AgCl in the usual way. 
M^easured with two Raytheon CK-1020 cylindrical G-M 
tubes standardized with respect to the end window tube used 
for the other measurements. 
Goldsmith (83) and was washed with 0.1N HHOg. To insure 
complete removal of any copper and zinc activity from the 
precipitate (which may have been dissolved from the walls of 
the irradiation chamber)^ it was dissolved off the filter disc 
by addition of concentrated aqueous HH^  and the solution was 
collected in a test tube. The washing with continued 
until the last wash showed no AgCl turbidity upon neutraliza­
tion with HNOg. The washings were combined and the AgCl 
precipitate was regained by neutralization of the solution 
with HNOg. Lack of coagulation at this stage was never a 
problem; in fact, care had to be taken that the precipitate 
did not clump too badly. The precipitate was collected on a 
pretreated, preweighed, 3 cm filter disc as before, with 
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great care being taken to obtain as even a precipitate as 
possible. It was thoroughly washed, in turn, with O.llî HNOg, 
95$ ethyl alcohol, and acetone. After the acetone wash, the 
precipitate was air dried for about thirty seconds and then 
was dried in an oven at 110°C to constant weight. After the 
weighing, the precipitate and disc were mounted on a card­
board square with a covering of 1 mil "Cellophane" which was 
anchored to the cardboard with "Scotch Tape". The sample was 
mounted under an aluminum tray, and it was counted for three 
minute periods for at least 4.5 hours in the automatic count­
ing arrangement. The samples were usually ready for counting 
about 45 minutes after the end of an irradiation, and the 
chemical yield was usually better than 90$. Before the count­
ing was started, the response of the G-M tubes were checked 
with a standard source for normalization purposes. 
The polystyrene monitors were removed after the washing, 
placed on aluminum trays and counted for three minute periods 
while the above chemical procedure was being carried out. 
This procedure allowed the monitors to be counted for 20 to 
30 minutes after a delay of about 10 minutes. 
2. Dosemeter response 
The response of the dosemeter was determined relative 
to a Victoreen thimble embedded in a paraffin atmosphere and 
relative to the KBS chamber. The calculations necessary to 
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convert this relative response to an absolute one will be 
discussed in the next section. 
The experimental arrangement for obtaining the relative 
response of the dosemeter was the same as that used for the 
argon irradiations, with the paraffin block or the HBS 
chamber replacing the irradiation chamber. The calibration 
of the Victoreen thimble had previously been checked by 
Schupp (84). 
The response relative to the Victoreen thimble was ob­
tained as a function of energy by irradiating the dosemeter 
and thimble for fifteen minute periods, holding the machine 
intensity as steady as possible. In early experiments it was 
found that after high energy irradiations the thimble (which 
was kept in the paraffin block except when readings were 
taken) had a small, but not negligible, discharge rate. 
Since the discharge ceased when the thimble was removed from 
the paraffin, it was concluded that the discharge was due to 
radioactivity produced by photoneutron reactions on the carbon 
in the paraffin. To correct for this discharge the final 
measurements were taken with fifteen minute "background" 
discharge tests before and after each irradiation and the 
runs were made in order of increasing energy to minimize the 
effect of the induced radioactivity. The background discharge 
during an irradiation was considered to be the average of the 
background discharge before and after the irradiation and 
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this value was subtracted from the Victoreen dosage. Leakage 
of the doserneter was negligible at all times. 
The relative response, in roentgens/100 mv click, is 
shown in Figure 14. The experimental data were treated by 
an unweighted least square analysis which resulted in the 
relation 
Fv, 
-4^ - = 1.020 + 0.153 X 
D 
over the energy range 16 ^ x £ 43 Mev (with a standard devia­
tion of about 5% in both the slope and the intercept). The 
justification for the non-linear portion of the curve below 
12 Mev will be discussed in the next section. 
The charge measuring circuit for the MBS chamber was 
the same as that of the dosemeter and since only one such 
circuit was available, the dosage delivered to the dosemeter 
and the KBS chamber could not be determined simultaneously. 
In one group of experiments, this difficulty was treated by 
irradiating the two chambers alternately for fifteen minute 
periods, attempting to keep the machine intensity as constant 
as possible. The experimental scattering was quite severe 
and the only reasonable conclusion that could be drawn from 
the data was that the response was constant. In order to 
reduce the scattering, the experiment was repeated but this 
time copper discs were irradiated at the same time, and the 
dosages were normalized to the same copper activity. The 
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result of this experiment was again a constant response over 
the energy range 16^ x^ 43 Mev but with reduced experimental 
scattering. The results are shown in Figure 15 and a 
statistical analysis of both sets of data gives a relative 
response, in units of 1000 mv clicks/100 mv clicks of 
= 1.505 ± 0.045. 
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V. CALCULATIONS 
A. Cross Section Analysis 
r°° 
< (x) = ng J N(x,k) 6 (k)dk , (7) 
The yield of a photonuclear reaction is given by 
-oo
"o 
where 
< (x) = number of reactions that occur per unit of 
monitor response, 
N(x,k) = number of photons of energy k per unit range of 
k (arising from bremsstrahlung from electrons 
of energy x which enter the sample) per unit of 
monitor response, 
p 
ns = number of target nuclei per cm of the sample, 
d" (k) = photo cross section of the desired process in 
cm /atom at energy k. 
Equation 7 is often written as 
°((x) = n / N(x,k) cf (k) dk (7a) 
Et 
where E^  is the threshold energy of the process under con­
sideration. However, these two forms are identical since 
(k) = 0 for k <E^  and N(x,k) = 0 for k >x. 
Penfold and Leiss (20)^  have developed a formalism which 
Because this reference will be repeatedly cited in this 
section, it will not be repeated with the understanding that 
reference (20) is implied each time "Penfold and Leiss" is 
mentioned. 
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allows the solution of Equation 7 for the cross section. The 
first step in the procedure is to write Equation 7 in the 
reduced form 
Y(x) E X (x)F(x) = J 0(x,k)J2(k)dk , (8) 
where XI (k) is a reduced cross section defined by 
n^ (k) 
k XI (k) = \
s 
" " <3- (k) , (9) 
and 
fg(k) = fraction of photons of energy k transmitted 
through all matter in front of the target, 
F(x) = monitor response function, a function which 
normalizes the spectrum N(x,k) to unit monitor 
response, 
~ f^  (k) is a function proportional to the 
energy spectrum of the bremsstrahlung. (The 
function d(x,k) is 1/16 of the expression in 
curly brackets of Equation 3 of Schifffs paper 
(18) on the integrated over angles bremsstrah­
lung spectrum. ) 
Note that in this reduced form Y(x) is dimensionless and 
represents the total number of energy units absorbed by the 
target while H (k) has the dimensions of (energy)'"*" and 
represents the number of energy units absorbed by the sample 
per energy unit incident on it (at energy k). 
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The solution to Equation 8 is discussed in great detail 
by Penfold and Leiss and the following discussion is taken 
from their work. Suppose a set of measured values of Y(x) 
are specified by Y(xm), Y(x^ _^ ), ..., Y(x^ ), ... where 
xm> xm_2_> ...> xi> ... The values of the xn. are taken to be 
equally spaced at intervals A , called the bin width, i.e., 
Now consider the effect of taking a linear combination 
of the measurements Y(x^ ). This linear combination will be 
specified by a set of numbers, B(x^ , à , x.. ), which are called 
the B-numbers and, as the notation indicates, are functions 
of xm, A , and x... Note that while xm and Ù can be 
arbitrarily chosen, the x^  are restricted by Equation 10. 
The linear combination is written as 
where the lower limit has been arbitrarily set at a and 
Y(x^ ) = 0 for all i < a, i.e., xa is less than the threshold 
energy. 
In order to find the relation between C(x^ , 6) and the 
cross section, substitution of the values of Y(x^ ), given by 
Equation 8, into Equation 11 yields 
x- = x - (m-i ) à . l m (10) 
m 
à) —  ^B(xm, û , x^ )Y(x^ ) , (ll) 
i=a 
fOO J T(xm, Ù ,k)IUk)dk 
o 
(12) 
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where 
m 
I(xm> A ,k) = B(x^ , & ,xi)^ (xi,k) (13) 
i=a 
is called a weighting function. Its determination is crucial 
to the development of solutions for Si (k), and to the in­
vestigation of the validity of these solutions. 
The weighting function consists of a linear combination 
of the spectra jtf(x^,k) and is identically zero for k>xm 
since gf(x^ ,k) = 0 for k > x^ . It is partitioned into bins of 
width A since there is only one term in the sum for 
xm^ k^ xm_1, two for k %x^ _2, etc., i.e., a new term 
enters the sum at each bin edge, x^ . Hence the following 
conclusions are reached: 
a. If one characteristic of T(xm,a ,k) is specified for 
each bin, the B-numbers can be determined, 
b. The weighting function is completely determined by 
the use of the B-numbers in Equation 13. 
According to this discussion, the weighting function may be 
chosen in many ways. The choice will depend on: 
a. The desired relation between C(xm, A ) and SL (k), 
b. The form and curvature of the spectra #(x^ ,k). For 
br ems s trahlung it is sufficient to determine the 
B-numbers by specifying the weighting function at 
the mid-bin values of k (i.e., at k^  = x^ - -§•£). 
Penfold and Leiss chose the weighting function so that 
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C(xm,ù ) gives an acceptable value for SI (k) directly and 
specified the mid-bin values of the weighting functions to 
be 
B-numbers are calculated from this formula. 
The weighting function is a function which peaks near 
k = û . It turns out (as discussed in detail by Pen-
fold and Leiss) that the area under the weighting function 
has a value very close to Û and is mostly contained in the 
head bin (xjn>/k ^ x^ )^. Consequently, if k^  represents the 
centroid energy of T(x^ ,4 ,k), it is a good approximation 
to replace Equation 12 by 
Penfold and Leiss give complete tables of the spectra 
gf(x,k), B-numbers, and weighting functions. These tables 
were used extensively in the calculations reported here and 
the author is indebted to them for their work. The reader 
is referred to their work for a much more detailed discussion 
Ctx^ A ) = &(k^ ) 4 . (14) 
Thus, combination of Equations 11 and 14 yields 
m 
(15) 
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of the method outlined here. 
Before this discussion is ended some mention must be 
made of the errors that can arise from the use of this method. 
It should be clear from the above discussion that, if perfect 
(i.e., errorless) data are assumed, the only errors which 
can arise are those that result from the approximation given 
by Equation 14. Substitution of Equation l4 into Equation 
12 gives 
and thus the accuracy of the method is determined by the 
extent to which Equation 16 is valid. This is clearly de­
pendent only on the weighting function T(xffl,ù ,k). Penfold 
and Leiss show that the difference between the true cross 
section and the cross section calculated by their method is 
negligible except possibly very close to the threshold or 
in regions where the derivative of the cross section changes 
considerably within two or three bins. In any case, the 
existence of any errors can be investigated by performing 
the integration of Equation 16 and making the necessary 
corrections, provided it can be assumed that the true cross 
section is a smoothly varying function of energy. 
A more serious difficulty arises in the handling of 
experimental data. The nature of the B-numbers is such that 
they are large and of alternating sign for values of x^  near 
J* T(xm, Ù ,k)-£(k)dk 
oo 
(16) 
o 
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xm. They then "become consistently very small. However, 
these small terms are frequently important in the cross 
section analysis. Because of this, very small fluctuations 
in the experimental yield curve give rise to large errors 
in the cross sections and even larger statistical uncertain­
ties. Because this is now primarily a matter of data treat­
ment, further discussion of this subject will be deferred to 
the following section where the experimental data will be 
presented and its treatment discussed. 
B. Monitor Response Function, F(x) 
The monitor response function, F(x) mentioned in Section 
A, is the normalizing function which makes the photon in­
tensity spectrum N(x,k) give unit response on the monitor. 
F(x) has the dimensions of one unit of monitor response, 
i.e., one "click" for the case of the dosemeter used in this 
study. In this work, the monitor response function of the 
dosemeter was determined by two different methods : 
a. With respect to a Victoreen thimble in a paraffin 
atmosphere, 
b. With respect to the NBS ionization chamber. 
Each of these calculations will be discussed in turn. 
1. Victoreen thimble 
The theory of a Victoreen thimble embedded in an air 
cavity surrounded by matter was first developed by Gray (85). 
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He-showed that the ionization J , in units of esu cm 
produced in an air cavity surrounded "by matter thick enough 
to provide electronic equilibrium is 
Jy = Ev/p¥ (17) 
where 
E^  = energy density absorbed, in units of erg cm~^ , 
jD = ratio of the energy lost per cm by electrons in 
traversing the wall to the energy lost per cm by 
electrons in traversing the same distance in air, 
¥ = average energy required to produce one esu of 
charge as ion pairs in dry air. 
Johns, et al. (86) show that 
and 
Bv = E(ePaVv <18) 
f Ï ' W ' (19) 
where 
E = energy flux of the incident beam, in erg cm"2, 
(epa)w = real attenuation coefficient of the wall (see 
Appendix A), in cm /electron, 
Uy. = number of electrons per cm^  of the wall, 
na = number of electrons per cm^  of air, 
(eSw^ /^ eSa^  = ra1:io of the stopping power per electron 
of the wall to.that of air. 
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Thus 
n (S ) 
Jv = -il^ T (e|Vv B • (20) 
The number of electrons per gram of air is given by n = 
n_/0.001293 and since it requires 32.5 ev to produce an ion 
pair in air, Equation 20 may be written as 
% = 53% T%T W* (21) 
Using n = 3-007 x 102^  electrons/gm and, following Marinelli 
(11), (eSw)/(eSa) = 1.03, Equation 21 may be written as 
% = 3-^ 9 x 1021 (ePa)„ 
= 0.0101 (g|2a)„ 
where (gpa)w is the real attenuation coefficient of the wall 
in cm /gm. Figure 16 shows the behavior of (E/J^ Xk) as a 
function of photon energy; the curve is taken from the work 
of Schupp (84). 
Equation 21 gives the ionization (in esu cm~^ ) produced 
by monochromatic X-rays of energy k and having a total in-
—2 
cident energy flux of 1 erg cm*" . However, to be of use in 
photonuclear work involving br ems s trahlung, J^ /E must be 
known as a function of the energy x of the electrons produc­
ing the bremsstrahlung. The relation between (J^ /EXk) and 
(Jy/E)(x) is clearly 
8 000, 
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Figure 16. The function E/Jv for monochromatic photons in paraffin 
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rT \ If-?) (k)d(x,k)f (k)dk £)«> . <a2) 
 ^ <zKx,k)fv(k)dk 
where $5(x,k) is as defined before and fy(k) is the fraction 
of the photons of energy k transmitted through all matter 
in front of the thimble (note.the difference between f^ Ck) 
of the previous section and fv(k)). By Equation 22, 
(J^ /EKx) has the dimensions of esu cm--3/erg cm" and is a 
measure of the ionization produced by a beam of br ems s trahlung 
radiation from electrons of energy x and having unit energy 
flux. (E/Jy)(x) is plotted in Figure 17 for lucite and 
paraffin, the paraffin curve was calculated at the indicated 
points using Equation 22 while the Lucite curve was taken 
from the work of the 3SBS (88). 
The derivation of Equation 22 assumed that the thimble 
detected the total ionization produced by the beam; however, 
in general, the thimble only sees 1/A of the total ioniza­
tion produced by the beam*1" (where A is the area of the beam). 
Consequently, to obtain the total ionization produced by the 
beam, (Jy/E)(x) must be divided by the cross sectional area 
The fractional area of the beam seen by the thimble is 
A^ /A-^ , where A^  and A^  are the areas of the thimble and the 
beam, respectively. However, the area of thimble has already 
been taken into account in its calibration. Thus the factor 
1/A is the correct one to use. 
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Figure 17. The function E/J for bremsstrahlung radiation in paraffin 
and lucite 
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of the beam at the site of the thimble. Thus 
oo J « 
A J (l/(k)jz{(x,k)fv(k)dk • 
= jzf(x,k)fk(k)dk (23) 
o 
and in this form, the left hand side of Equation 23 is 
identical to the left hand side of the equation defining 
F(x) (20, Equation 20) with 
R(x) = (x) (24) 
Thus the monitor response function for a Victoreen thimble 
in a paraffin atmosphere is 
FVic^  = A I^t) ^  j gf(x,k)fy(k)dk (25) 
o 
-00 ZJ . 
= A J ( Ëy (k)^ (%,k)f^ (k)dk (25a) 
o * 
The response function for the Victoreen thimble was 
calculated by use of the latter equation and is shown in 
Figure 18. This figure also shows the response function of 
the dosemeter based on the Victoreen calculation. It was 
obtained by multiplying the Victoreen response function by 
the relative response of the dosemeter with respect to the 
Victoreen, i.e., 
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Vx) F^Vic^  (26) 
where (F^ /F^ )^ was determined experimentally (Figure 14). 
2. IGS chamber 
The monitor response of the MBS chamber to a brems-
p 
strahlung beam filtered by an equivalent of 4 gm/cm of 
aluminum is shown in Figure 19. The calorimetric and crystal 
spectrometer measurements were taken from the report of 
Pruitt and Domen (21). 
In general, the response of a detector is strongly 
dependent on the shape of the incident photon spectrum, and 
thus on the absorption path through the experimental ar­
rangement. Because of this, the NBS data of Figure 19 are 
not directly applicable to the experimental arrangement used 
in this study and the response must be known for this 
specific arrangement. One way to obtain this is to measure 
the relative response function to the two experimental ar­
rangements, for then 
oo 
gf(x,k)f'(k)dk 
: nu*), 
gf(x,k)f(k)dk 
Jo 
where primes refer to the EBS set up. However, because of 
the widely different absorption paths in the two arrangements 
and the difficulty in deciding how to normalize the individual 
k 
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Figure 19. Response' of the NBS chamber to bremsstrahlung radiation 
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responses (since only one electronic circuit was available), 
the accuracy of this approach leaves much to be desired. 
Another approach, the one used here for its greater 
applicability, is to define the function r(k), which is the 
response of the 3SBS chamber to monochromatic photons of 
energy k, by means of the relation 
CO 
C jzKx,k)f (k) r (k)dk 
R(x) = m — ~~ (27) 
\ 0(x,k)f(k)dk 
'o 
in direct analogy to Equation 22. Then, defining 
f (x) = ( gf(x,k)f(k)dk 
Jo 
and 
oj (k) = f(k)r(k) , 
Equation 27 may be written as 
,oo 
y(x) = R(x) ^ (x) = \ gf(x,k)&>(k)dk (28) 
A 
which is exactly the same form as the reduced yield equation, 
Equation 8. Thus Equation 27 can be solved for w(k) by the 
Penfold and Leiss method. It will be recalled that the 
solution is 
m 
= A % B(V û'xi)y(xi) i—a 
where 
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•Sa = Sm " 
with the condition that y(x^ ) = 0 for all i< a. However, 
for this case, y(x^ ) is zero only when x^  is zero, since 
R(x^ ) is never zero and f" (x^ ) is zero only for xi = 0. 
Thus R(x^ ) must "be known for all energies, although the NBS 
experimental data do not extend below 19 Mev. For the 
purposes of this calculation, it was assumed that R(k) 
(below 19 Mev) is given by the Gray formula and R(x) was 
calculated for points below 19 Mev and for the NBS experi­
mental arrangement by the same procedure used to calculate 
(Jv/E)(x) for the Victoreen thimble. The resulting curve 
was then joined smoothly to the experimental curve by normal­
izing the calculated value of R(19 Mev) to the experimental 
value. The result is also indicated in Figure 19; it will 
be noted that the assumption that R(x) can be calculated by 
this procedure seems to be valid to about 30-35 Mev. 
Above 10 Mev, the response to monochromatic photons was 
determined by the Penfold and Leiss method, but below 10 Mev 
the response was taken to be that obtained by the Gray 
formula. The reason for this change in procedure is that 
the available B-numbers only extend down to 2.5 Mev and be­
cause of this and the nature of the y(x^ )'s discussed above, 
the Penfold and Leiss method is invalid below 10 Mev. The 
integrated monochromatic photon response as calculated by 
the Penfold and Leiss method is shown in Figure 20. (The 
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Figure 20. Integrated response of the NBS chamber to monochromatic photons 
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deviation of the points below 10 Mev is a measure of the 
degree of invalidity of the Penfold and Leiss method in this 
region.) 
The monochromatic photon response is shown in Figure 
21. The values above 10 Mev were obtained by graphical dif­
ferentiation of the integrated response curve and the values 
below 10 Mev are the results calculated from the Gray formula. 
The value for the slope of the linear portion of the in­
tegrated response was obtained by a least square analysis 
of the calculated points. 
Because of the constancy of the response to mono­
chromatic photons, the E3S chamber is remarkably independent 
of the absorption path in the experimental arrangement . To 
Once this fact has been verified, the physical in­
terpretation becomes quite obvious. The presence of the 
four inches of aluminum (about 11 gm/cm2) in front of the 
collecting plates serves to convert the bremsstrahlung spec­
trum into an essentially flat spectrum. Once this has been 
accomplished, increasing the absorption path only serves to 
decrease the number of electron pairs formed at exactly the 
same rate as the energy incident on the chamber is decreased; 
that is, once a flat spectrum has been formed, the ratio of 
oo 
charge produced, \ gf(x,k)f(k)r(k)dk, to incident energy, 
oo "o 
C 0(x,k)f(k)dk, remains constant. It is interesting to note 
'o 
that the regions where the response to monochromatic photons 
is not constant, i.e., below 10 Mev and above 40 Mev, are 
just the regions where the assumption of a flat spectrum is 
not valid. It may also be mentioned that the idea of con­
verting the bremsstrahlung spectrum into a flat spectrum 
to decrease the dependency of the calculated photonuclear 
cross section on the spectrum shape was the philosophy be­
hind the use of the beam hardener in the original experi­
ments, before the BBS chamber became available. 
-19 
7 XIO 
> 
LU S 6 
3 O 
id 5 
UJ 
V) 
z 
24 V) II) 
a 
cc 3 UJ 
m 5 
< 
5 2 
V) 
m 
z : — * 
vO 
ro 
8 12 16 20 24 28 32 36 40 44 48 
PHOTON ENERGY (MEV) 
Figure 21. Response of the NBS chamber to monochromatic photons 
93 
verify this further, the response of the EBS chamber to 
br ems s trahlung radiation passing through the experimental 
arrangement used in this study was determined from the 
calculated values of the monochromatic response. The re­
sults are again shown in Figure 19. It will be noted that 
the only significant deviations from the EBS curve occur 
below 10 Mev and above 40 Mev as would be expected from the 
foregoing discussion. 
The response function F(x) of the EBS chamber was 
calculated from the definition 
oo 
F(x) = f  jd(x)k)fIBS(k)dk (29) 
1 
where C is the capacitance of the complete circuit shown 
in Figure 9 with the EBS chamber replacing the dosemeter. 
This capacitance was measured with a laboratory impedance 
bridge, with an oscilloscope used as a detector. The result 
was O.OMtJ ± 0.0004 ^f. The response function is shown in 
Figure 22. This figure also shows the response function of 
the dosemeter based on the EBS chamber calculations. As 
before, this function was obtained by use of 
The dimensions of the response of the EBS chamber are 
coulombs/Mev whereas the desired units (for the purpose of 
convenience in the cross section calculations) are 1000 mv 
clicks/Mev. The capacitance of the circuit is the necessary 
conversion factor. 
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Figure 22. Monitor response functions of the NBS chamber and the dosemeter 
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Fd(X)  -  F^^ gj ( X ) FHBS( X )  
where (Fp/F^ gXx) was determined experimentally (Figure 15). 
3. Discussion of the two methods 
Comparison of Figures 18 and 22 shows that the response 
functions of the dosemeter calculated by these two methods 
are completely different - the Victoreen result approaches 
an asymptotic behavior at high electron energy while the 
HBS result increases roughly as a linear function of the 
electron energy (since R(x) is essentially constant, and 
¥(x) is approximately a linear function of the electron 
energy). This is true even though the response functions 
of the Victoreen thimble and the EBS chamber are quite 
similar. 
This difference arises from the different relative re­
sponses, (Fyic/%) (%) an<* ^ hbs'^ D^ 2'^  which were determined 
experimentally. The reason for the completely different 
behavior of these two functions is not understood, especially 
since both detectors apparently operate on the basis of the 
Gray theory. This point will be discussed further in Section 
VI where the results will be presented. 
96 
C. Analysis of the Counting Data 
1. Chlorine activity 
The G-M tubes counted the ji -radiation from both Cl^  
and Cl39 with equal efficiency and so the total activity 
A(t) detected by a G-M tube (without corrections for geometry, 
scattering, etc.) is expressible as 
A(t) = Axe- *1* + A2e" A2* (30) 
where the subscripts 1 and 2 refer to Cl^  and Cl^  , re-
spectively, the A^  are the initial activities (considering 
t=0 to be the beam shut-off time), and the A ^  are the decay 
constants. Because of the form of Equation 30, a standard 
semilogarithmic plot of the activity versus the elapsed time 
should, in general, yield a plot with definite curvature. 
However, it will be seen from Figure 23 that the actual 
semilog plots yield straight lines with no sign of curvature, 
i.e., the counting data fit a curve of the form 
A(t) = AQe~ V5 (31) 
where the parameters AQ and are functions of the A^  and 
% 1 of Equation 30» The relationship between these parameters 
is obtained by equating Equations 30 and 31 and their time 
derivatives in the limit of zero time. This procedure yields 
two simultaneous equations having the solutions 
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(32) 
and 
(33) 
for the desired initial activities. 
The counting data for each run were fitted to Equation 
31 by a weighted least square analysis after the necessary 
corrections for dead time and background were made and the 
initial activities were calculated from Equations 32 and 33* 
In the least square calculation the elapsed time was taken 
to be the time from beam shut off to the midpoint of the 
counting period and no further corrections for the non-zero 
counting period was made. (The justification for this treat­
ment is discussed in Appendix C). 
The only deficiency to this approach is that the 
calculated initial activities are quite dependent on the 
values of the decay constants, particularly the decay constant 
oq 
o f  C r ,  u s e d  i n  t h e  c a l c u l a t i o n .  B e c a u s e  o f  t h i s ,  t h e  
counting data for several runs which spanned the full brems-
strahlung energy range were analyzed by an alternative method 
which allowed the determination of the decay constants as 
well as the initial activities by a least square method; this 
procedure is discussed in Appendix D. Thirteen runs were 
analyzed by this method and in each case the initial 
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activities were the same as that calculated by the first 
procedure. The grand mean value for the Cl^  half life was 
55.1 ±1.0 min. which is in excellent agreement with the 
results obtained by Easlam, et al. (70) and Brix, et al. 
(37) which were 55»5 ±0.2 and 55*2 ±0.5 min., respective­
ly. Because of this good agreement the first method (which 
was much faster) was used in the final calculations. 
2. Carbon activity 
The only radioactivity that can be produced in poly­
styrene and counted in the counting arrangement used is that 
due to C^ ". Because of this the counting data were analyzed 
by a weighted least square analysis with the half life fixed 
at 20.4 min., the best reported (71) value of the half life. 
Again, the elapsed time was taken to be the midpoint of the 
counting time and no other corrections were made. 
3. Specific yields 
After the initial activities were calculated by the 
preceding methods, the number of nuclei formed per unit of 
monitor response was calculated by the usual means. First, 
the initial counting rate A was multiplied by a factor 
F = Mg/YDEOg 
where 
100 
Ng = the normalization of the G-M tube to an arbitrary 
counting rate of the standard OgOg source, 
= the normalization of the dosemeter to an arbitrary 
click rate of the Sr^  source, 
D = the total dose, in 100 mv clicks, delivered to the 
sample during the irradiation, 
Y = the measured chemical yield of the AgCl sample 
(for the carbon data, Y is the weight of the poly­
styrene disc), 
E = the efficiency of the G-M tubes. 
Thus, the multiplicative factor F converts the experimental 
counting rate to an "absolute" counting rate per unit of 
monitor response with all fluctuations due to chemical yield, 
scalar response, and dosemeter response variations removed. 
Next, the number of nuclei formed per unit of monitor 
response, <£ , was calculated from the relation 
where is the decay constant and T the irradiation period. 
For the chlorine activity three quantities were calculated, 
the total number of chlorine nuclei, the number of Cl^  
nuclei, and the number of Cl^ ® nuclei formed. For these 
cases, the decay constants used were Q, 7^ , and % 2 
respectively (see Equations 30 and 31). 
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D. Numerical Calculations 
Because of the extent and tediousness of the calcula­
tions discussed above, all calculations (with the exception 
of the dosemeter response calculations) were performed on 
an IBM Type 650 Magnetic Drum Data Processing Machine. The 
programs for these calculations are discussed in detail in 
Appendix E. The programs were written in a general form 
and should consequently be directly applicable to any 
analogous calculation. 
102 
VI. RESULTS AND DISCUSSION 
A. Introduction 
In this chapter, the results of the experiment will be 
presented and discussed. For each reaction, the results will 
be given in five curves; (a) the experimental yield curve 
as a function of machine energy, (b) the integrated cross 
sections, calculated by the Penfold and Leiss method, for 
both the Victoreen thimble and the NBS chamber calibration 
of the dosemeter, and (c) the differential cross sections, 
obtained by graphical differentiation of the smoothed 
integrated cross section curves, again for both calibrations. 
Before the results are actually presented, a few com­
ments must be made about the philosophy behind the handling 
of the data. Penfold and Leiss (20) maintain that the best 
way to handle the data (so as to avoid an undue loss of 
detail) is to (a) use the raw, unsmoothed activation data 
in computing the cross sections, (b) evaluate the integrated 
cross sections from these results, (c) draw a smooth curve 
through the calculated integrated cross sections, and, 
finally (d) graphically differentiate this smoothed inte­
grated cross section curve to obtain the smooth cross section 
curve. It is clear that, in principle, this procedure is 
the ideal way to treat the data, since the smoothing is re­
stricted to the integrated results, and integration itself 
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is a smoothing process ; thus a minimum amount of detail is 
lost when this procedure is followed. Unfortunately, 
principles must be modified when they are coupled with the 
facts of experimental results. Any experiment, especially 
a yield curve experiment, has scatter in the results and the 
Penfold-Leiss method tremendously amplifies this inevitable 
scatter. This is illustrated in Table 6 which is a comparison 
of the results of the analysis obtained by the use of raw 
and smoothed yield data. The data in this table were ob­
tained from the A^  (%p) reaction with the HBS chamber 
calibration of the dosemeter. The yield curve itself is 
shown in Figure 24; the statistical standard deviations of 
the points are less than the size of the points. Columns 
2 and 4 of Table 6 give the cross sections and integrated 
cross sections calculated by the Penfold-Leiss method ap­
plied to the unsmoothed data. It will be seen from these 
columns that the calculated cross section is extremely os­
cillatory and that the integrated cross section also oscil­
lates, although not as badly as does the cross section. 
These values of the integrated cross section are plotted in 
Figure 25 and it will be seen from this figure that drawing 
the best smooth curve through these points is an almost 
completely subjective process. 
An alternative procedure is to draw a smooth curve 
through the yield data and to take the data for use in the 
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Table 6. Comparison of the experimental and smoothed cross 
section analysis results for the A^ CT^ p) reaction 
with the NBS calibration 
k 
(Mev) 
<f(k)(Exp) 
(mb) 
(^k)(Smthd) 
(mb) 
<rnt(kKaxp) 
(Mev-mb) 
<Çnt(k)(Smthd) 
(Mev-mb) 
14.92 _ 0.34 0.34 
15.92 4.97 1.24 4.97 1.58 
16.92 -3.46 3.39 1.52 4.97 
17.92 7.95 2.37 9.47 7.34 
18.92 1.82 7.29 11.28 14.62 
19.92 17.23 6.72 28.51 21.34 
20.92 -7.40 8.92 21.11 30.26 
21.92 39.09 12.02 60.20 42.28 
22.92 -25.06 14.80 35.14 57.08 
23.92 55.92 15.68 91.07 72.76 
24.92 -15.89 12.29 75.17 85.06 
25.92 25.46 10.51 100.63 95.57 
26.92 -11.13 8.95 89.50 104.52 
27.92 33.84 8.54 123.34 113.06 
28.92 10.51 8.24 133.85 121.30 
29.92 -16.85 4.82 116.99 126.12 
30.92 15.27 6.97 132.26 133.09 
31.92 -5.88 15.89 126.38 148.98 
32.92 21.36 -12.60 147.74 136.38 
33.92 17.04 16.60 164.78 152.98 
3^.92 -16.63 -2.30 148.14 150.68 
35.92 0.07 7.02 148.22 157.70 
36.92 19.45 3.21 167.67 160.91 
37.92 -IO.78 3.82 156.89 164.74 
38.92 13.10 3.54 169.99 168.28 
39.92 1.64 2.98 168.34 171.26 
40.92 7.00 2.64 175.35 173.90 
41.92 1.70 1.62 177.04 175.53 
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Penfold-Leiss analysis from this smooth curve. The results 
of this procedure are shown in columns 3 and 5 of Table 6 
and the integrated cross section curve is plotted in Figure 
25. Examination of these columns shows that there is very 
little oscillation in the cross section, except in the region 
of 32 Mev (where there is a maximum scatter in the yield 
data, see Figure 2h) and essentially no oscillation in the 
integrated cross section, except in the same region. 
The justification for this latter view is that it allows 
the data smoothing to take place on a more objective basis. 
This is because there can be very little debate as to how 
to draw the best smooth yield curve but a great deal as to 
how to draw the best integrated cross section curve from 
the unsmoothed results. Much of this justification would 
be negated if there were some objective means, e.g., a least 
square analysis, of obtaining the integrated cross section 
curve ; however, this seems impossible for the present, since 
any objective criterion for the "goodness of fit" requires 
a prior knowledge of the analytical form of the equation to 
be fitted. This form is not known for the integrated cross 
section and such knowledge will probably not be available 
for some time. 
The resolution of this difference of views would seem 
to be the method of Appendix B (or a similar one), if it 
can be developed to a useful form, since it supplies a quasi-
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analytic representation of the cross section curve and thus 
allows a completely objective data fitting procedure. 
In order to satisfy these two schools of thought, both 
smoothed and raw results are shown in each figure of the 
integrated cross section curves ; although it must be con­
fessed that, in drawing the smooth curves, primary emphasis 
was given to the smoothed results. 
In the same vein, the results of both the Victoreen 
and HBS calibrations are given, although the general con­
sensus of informed opinion is that the HBS chamber is a much 
superior detector of high energy X-radiation. It is quite 
certain that the Victoreen thimble will disappear as a de­
tector of bremsstrahlung in photonuclear work and this is 
a development in which the author heartily concurs. 
A few words are now appropriate as to the overall ac­
curacy of the experiment. Statistical errors, primarily from 
the counting data, are quite simple to evaluate and are 
indicated for the yield and unsmoothed integrated cross 
section points. The yield curve errors were calculated from 
the exact equation given in Appendix E, while the integrated 
cross section errors were obtained by use of the approximate 
relation derived by Penfold and Leiss (20, Equation 2h). 
The smoothed integrated cross sections and the cross sections 
themselves do not have any statistical errors ascribed to 
them since they are the results of prior smoothing. 
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A reliable estimate of the experimental, i.e., non-
statistical, errors is extremely difficult. Estimates of 
the experimental errors of the factors used in the calcula­
tion of the cross section are given in Table ?• These 
estimates attempt to include subsidiary factors such as 
sample weight, accuracy of meter readings, calibration ac­
curacy, etc. but should be regarded as little more than 
educated guesses. In evaluating these estimates, an attempt 
Table ?• Sources of experimental error 
Quantity Estimated Error 
Number of target nuclei (n^) 0.6 # 
Yield (<) 2 
Response Function (F) 4 
Transmission Function (f) 1 
Integrated Cross Section 5 - i o  
was made to overestimate the errors rather than underestimate 
them. The best method of evaluating the overall validity 
of the procedure is to compare it to previously reported, 
reliable measurements. This is done below, in the presenta­
tion of the C^(Y,n) results. 
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B. CI2(Y)n)C11 Reaction 
"1 P The main reasons for studying the C (X,n) reaction in 
conjunction with the study were to obtain an overall 
evaluation of the experimental and calculational procedures 
described previously, and to be able to monitor each 
separate irradiation. 
1 2 The C (X,n) reaction in polystyrene is a particularly 
useful one to use as a monitor in studies of this nature for 
several reasons. First, when the number of reactions is 
determined by counting the induced radioactivity with a G-M 
counter, the only reaction in polystyrene that can be ob-
1 P 
served is the C (y,n) one; all other possible reactions 
yield either stable daughters or daughters with such short 
half lives that all resulting activity has died before the 
11 
sample can be counted. Secondly, the half-life of C is 
quite convenient for use in monitoring irradiations of 10 
to 60 minute duration. Finally, the parameters of the C (Z^n) 
reaction have been quite accurately measured, and thus provide 
a good test of procedure. 
The criterion for acceptance or rejection of the results 
of a given run was quite simple. If the C11 yield of a 
given run deviated by more than 5% from a smooth yield curve, 
the results of the run were rejected; if the deviation was 
less, the results of both the carbon and chlorine activations 
were accepted. The arbitrariness of this procedure is per­
Ill 
haps open to legitimate criticism, but only three runs (out 
of a total of 35) were rejected on this basis, and it is 
believed that the final results justify the procedure. 
One of the principal sources of error is the variation 
of the photon intensity during the course of an irradiation. 
The derivation of the relation between the initial activity 
and the number of nuclei formed during the irradiation 
tacitly assumes a constant photon intensity. If the intensity 
is not constant, the results may be in serious error. For 
example, if a photon beam delivers a total of 100 roentgens 
to a sample in a 60 minute irradiation, but the intensity 
varies in such a way that one-third of the total radiation 
is delivered in the first 30 minutes, then the measured 
activity will be quite a bit larger than the activity induced 
by the same total radiation delivered at a constant rate. 
Some workers [Penfold and Garwin (36), for example] correct 
for this by allowing the charge collected by the detector 
to decay exponentially with a half-life equal to that of the 
daughter nucleus under study. In this way, fluctuations due 
to varying br ems s trahlung intensity are corrected for. 
Another method is to use another photonuclear reaction with 
known parameters (and producing a daughter nucleus with ap­
proximately the same half-life as the daughter produced in 
the reaction of interest). In this way, fluctuations in the 
photon intensity will be observed as deviations of the yield 
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of the monitoring reaction. Thus the results may he cor­
rected for (if the absolute yields are known) or discarded 
if the deviation is severe. This fluctuation in the beam 
intensity is the most likely explanation for the somewhat 
larger than statistical fluctuations of some of the points 
in both the carbon and chlorine activation curves. It is 
interesting to note that these deviations are usually in the 
same direction in both curves. 
The criterion for the reliability of the overall experi­
ment was a comparison of the results obtained in this work 
with the results obtained by Barber, et al. (26). The work 
of Barber and his colleagues is generally considered to be 
one of the best determinations, to date, of the parameters 
of a photonuclear reaction. There are two main reasons for 
the excellence of this work. First, the induced activity 
was measured directly with a k-TTscintillation counter with 
great care taken to correct for all counting losses. 
Secondly, the photon source was the bremsstrahlung from the 
electron beam of a linear accelerator. Since the electron 
beam could be extracted before interacting with matter, the 
number of electrons (with only a small energy spread) could 
be determined very accurately by means of a Faraday cup. 
The electron beam was converted to bremsstrahlung by the 
use of a "thick target" copper radiator, so that the only 
limitation on accurate knowledge of the photon spectrum is 
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due to the validity of the bremsstrahlung theory (the thick 
target approximation was accurate to about -§• per cent for 
the experiment, except in the region near the end point of 
the spectrum). 
The activation curve, integrated cross sections, and 
differential cross sections obtained in the present experi­
ment are shown in Figures 26 to 28, inclusive, and a compari­
son of the results with those of Barber, et al. is given in 
Table 8. Examination of Table 8 and Figure 28 shows that 
Table 8. Comparison of some parameters of the C"^(Y,n) 
cross section 
Reference (26) This exper­
iment. NBS 
calibration 
This experi­
ment.Victoreen 
calibration 
Eth CMev) 18 18 18 
BmaX(Mev) 22.5 24.5 25 
(mb) 8.3 8.3 9.5 
cf (38 Mev) (mb) 0.9 1.5 0.5 
<fint (to 38 Mev) (Mev-mb) 56 ± 3 66 ± 7 70 ± 7 
the agreement of the EBS calibration results with the Barber 
results is excellent. The only serious disagreement in these 
results is the apparent energy difference of about 2 Mev at 
the resonance energy and beyond. This cannot be due to an 
energy calibration error since the observed threshold 
energies are essentially identical. The only cause for this 
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this difference that comes to mind is the difference in the 
method of cross section analysis used in.the two experiments. 
Barber and his colleagues used the photon-difference method 
whereas the present data were analyzed by the Penfold-Leiss 
method. Why this difference should be due to the method 
of cross section analysis is not clear, but some justifica­
tion for this.view is obtained from a comparison of the 
A^ °(/,p) results below, where a similar situation prevails. 
More recent experiments by Barber and Gudden (13) using 
elastic electron scattering techniques seem to show that the 
total photon absorption is a twin-peaked function with peaks 
at about 23 and 28 Mev and little indication of a high energy 
tail. However, these results are quite tentative and do not 
seem to invalidate the earlier bremsstrahlung results, in 
so far as intercomparisons are concerned. 
Ln 
C. Results of the A Irradiations 
The chlorine activation curves are shown in Figure 24; 
the smooth curve for the Cl^  activation was obtained by 
o o 
subtracting the smoothed Cl~>y yield curve from the smoothed 
yield curve for total chlorine production. As can be seen 
from this figure, the Cl^  experimental points scatter quite 
badly, but the smooth curve seems to fit the experimental 
points fairly well. The statistical standard deviations for 
the total chlorine and Cl^  yield points were all smaller 
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than the data point sizes. 
The integrated cross sections for the (y,p) and (T^ pn) 
reactions are shown in Figures 25 and 30, respectively, 
while the cross sections themselves are in Figures 29 and 
31 j. respectively. As "before, the curves present the results 
due to both the Victoreen and UBS calibrations of the dose-
meter and the results of both the smoothed and unsmoothed 
yield data. Only the smoothed results are given for the 
(T^ pn).integrated cross section, since the experimental 
points scatter so badly as to be essentially useless. The 
statistical errors for the unsmoothed integrated cross sec­
tion results were calculated by the approximate relation of 
Penfold and Leiss (20, Equation 24) (this relation is valid 
to only about 25$). The errors are not shown above about 
35 Mev, since the calculated error is very much larger than 
the scatter and would only serve to make the figures confus­
ing. 
Photonuclear reactions in have been rather extensive­
ly studied and the reported results vary considerably. A 
summary of the results of these investigations for all ob­
served reactions is given in Table 9» It is extremely dif­
ficult to compare these results on a completely objective 
basis, but without a critical evaluation, the numbers them­
selves are almost useless. 
Any objective evaluation of results must be based on 
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Table 9* Comparison of some parameters of photonuclear 
reactions in A^  
Reaction (Tin) ( %2n) 
Reference (69)a (16)^  (89)c (16)^  (89) 
Threshoia(Mev) 10.5 <10 9.8 16 14.9 
Peak Energy (Mev) 20 16.5 20 20 
<f(Emax)(mb) 38 29 31.2 14.5 
<r(40 Mev) (mb) -
PC Mev)  ^9 6 8.5 >9 
<rintC25 Mev) (Mev-mb) 350 ~300c 230 -
<f^ n^ .(28 Mev) (Mev-mb) _____ 
3:^ (40 Mev)(Mev-mb) _____ 
(r.p) 
(69)^ (3&) (37)® (90) This This 
exp. exp. 
MBS Tic. 
Threshold(Mev) 12.5 13 - - 13 13 
Peak energy (Mev) >25 23 - - 23 22.5 
<f(Emax)(mb) >120 68 - - 14.8 18.6 
aDid not observe (X,2n) reaction; results are sum of 
(7",n) + (y,2n) reactions. 
R^einterprêtâtion of the data of (69)• 
cSum of (T,n) + (7",2n) + (Z,np) reactions. 
D^id not observe (T^ np) reaction; results are sum of 
(f,p) + (X,pn) reactions. 
P^ublished reference is (37) but entries here are from 
later results, (91). 
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Table 9* (Continued) 
Reaction (T^p) 
Reference (69)d  (36) (37)® (90) This 
exp. 
BBS 
This 
6XTD. 
Vic.  
<*"(40 Mev) (mb) — - - 3-5 
P (Mev) 
- 6 - - 6.5 7 
(25 Mev )  (Mev-mb )  540 390 - - 83 12 7 
<r%2^.(28 Mev) (Mev-mb) - 440 110 - 113 153 
<rinj.(40 Mev) (Mev-mb) 460 
(Xm) 
350^ 
+100 
173 180 
(r«) 
(36) (37) e  (90) This 
exp. 
BBS 
This 
exD. 
Vic. 
(90) 
Threshold(Mev) 18 - - 19 19 -
Peak Energy(Mev) 27 - - 27 26 - .  
(mb) 21 - - 1.0 1.4 -
^(40 Mev)(mb ) 2 - - 0.5 0 -
F(Mev) 7 - - 6 6 -
t f r - ( 2 5  M e v ) ( M e v - m b )  25 - - 2.5 3-7 -
<y%2it(28 ^ev) (Mev-mb) 115 27 - 5.0 6.7 -
(fini_(40 Mev) (Mev-mb) 160 - ~35f 7.3 7.9 ~70f 
•f Integrated cross section to 70 Mev. 
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theoretical grounds, particularly the dipole sum rule pre­
dictions, and on the generalizations which can be made from 
the results of other experiments in the region of similar 
mass number, as well as an evaluation of the experimental 
Un 
method used to obtain the reported results. For A ' , the 
dipole sum rule predicts an integrated cross section for 
total absorption (up to the meson threshold) of 590 Mev-mb 
for no exchange and 830 Mev-mb for 50$ exchange forces. 
(This latter result is essentially the same value obtained 
by use of the dipole sum rule derived from dispersion theory, 
see Equation 3b, Section 1I-C.) Also, as Weinstock and 
Halpern (29) have pointed.out, the ratio of the (7",p) to 
(Z,n) yield is usually about 1 in the region of mass number 
40. 
On the basis of both of these criteria, the original 
work of McPherson, et al. (69) seems to be much too high; 
their integrated cross section to 25 Mev for the (T^ n) and 
(T,p) reactions total to 890 Mev-mb, even though the integra­
tion to 25 Mev only includes about half of the (T,p) cross 
section. Also, their work results in a C/,p) to (T,n) yield 
ratio of 3-\ which is much larger than would be expected. 
Why their results should be so large is difficult to under­
stand, especially since their proton yield at 23.5 Mev is 
in good agreement with other measurements in the same mass 
number region. 
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The work of Penfold and Garwin (36) was a non-absolute 
determination, in that they used the proton yield obtained 
by Spicer (73) at 22 Mev to convert their relative yield 
curves to absolute ones. (The Spicer yield was in excellent 
agreement with that of McPherson, et al.). Their total 
integrated cross section jwith the (T^ n) and (Z^ 2n) results 
based on a re-analysis of the McPherson, et al. dataJ to 
40 Mev is about 920 Mev-mb, and seems to be in much better 
agreement with the sum rule prediction; but their sum 
[Vz,n) + (T,2n) + (/,p) + (Z,pn)J assumes that the integrated 
cross section for the (Z,n) and (Z,2n) reactions to 40 Mev 
is the same as that to 25 Mev. However, their reinterpreta-
tion of the integrated cross section for total jji.e., (Z,n), 
(7",2n), and (7,pn)J neutron production shows no sign of 
flattening out above 20 Mev; consequently, it seems quite 
unreasonable to assume that the integrated cross section 
for total neutron production to 40 Mev is the same as it is 
to 25 Mev. Also, their (Z,p) to (Z,n) yield ratio is greater 
than two, which still seems to be larger than would be ex­
pected. 
The work of Brix, et al. (37, 91) was a relative meas­
urement, normalized to the carbon data of Barber, et al. 
(13)• Their relative yields at 31* Mev were 
*Ci39/?Cll = 2,11 - 15$ and yci38//YC11 = 0,lf0 - 30$, With 
great care taken to correct for all counting losses. Their 
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values are upper limits, since the fundamental relation they 
used in the analysis of their data was 
3^ Mev 
28Mev zY j" S(E,34Mev)<^ 1(E)dE 
J0 <^ J (34 Mev) ° s(2@Mev,34Mev) ' 
where S(E,E0) is the Schiff photon spectrum integrated over 
angles. It would be quite interesting to see their method 
applied to a more detailed investigation of the (Z^ p) and 
(Z,pn) reactions in A^ . 
The results of Iavor (90) were obtained from cloud 
chamber measurements, by comparing the proton yields from 
A^  and He' and then using the Heif(/,p) cross sections re­
ported by several investigators (92, 93, 9^ ) to evaluate the 
A^ CTjp) cross section. The other reactions listed in Table 
9 under reference (90) were estimated in the same way. 
Since the cloud chamber gas contained both argon and helium, 
no dosage measurements were required, which is a distinct 
advantage in that errors due to monitor calibrations are 
eliminated. The biggest drawback of the method is that the 
results are very strongly dependent on an accurate knowledge 
of the He\?^ p) cross section. 
These results, including those reported here, of the 
(TÇp) reaction in Argon-M) fall into two distinct groups. 
Those of Brix, et al., Iavor, and the present work seem to 
be in good agreement, especially when it is remembered that 
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the Iavor results extend to 70 Mev. The Penfold and Garwin 
and McPherson, et al. results seem to be much too high, 
especially when the sum rule is considered. 
There is a much greater degree of disagreement in the 
(T^ pn) results. The results of the present work seem to 
require an upper limit to the (T^ pn) to (T^ p) yield ratio 
of about 20$ for the following reason. Decay curves which 
would be obtained from various mixtures of CI3® and CI39 are 
shown in Figure 32. If these curves are viewed on edge or 
examined with a straight edge, it will be seen that there 
is no detectable curvature in the decay curve until the 
mixture contains at least 15$ CI3®. The activities resulting 
from every irradiation performed in this work, whether used 
in the final yield curve or not, were plotted in decay 
curves; not one of these curves (at least 75 of them, in­
cluding some that were obtained from irradiations with 70 
Mev bremsstrahlung) ever showed any sign of curvature. The 
conclusion thus seems inevitable that the amount of Cl3® 
kn 
formed in the irradiation of A with bremsstrahlung cannot 
be greater than 15$ of the total chlorine formed. 
Prior to this work, the only complete cross section for 
the Alf0(r,p) reaction was that of Penfold and Garwin. The 
difference between these two curves is not only one of 
degree but also of kind, since their cross section is 
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relatively symmetric while the cross section"1" obtained in 
the present work with the NBS calibration has a distinct 
high energy tail. Theoretical justification for the existence 
of this high energy tail will be given in the next section, 
where it will be shown that the Wilkinson model predicts 
just such a tail as was observed in the experiment. 
The (Z,pn) cross section obtained in this study is 
quite unremarkable. The most probable model for multi-
particle ejection is the statistical one and the observed 
cross section is, qualitatively, that which would be expected 
from the statistical model. One noteworthy fact is that 
the observed (T,pn) threshold is only 19 Mev while the 
calculated mass thresholds for the (T^ pn) and (Z,d) reactions 
are 20.5 and 18.3 Mev, respectively. It would thus appear 
that, at least at energies below 25 Mev, the primary reac­
tion to produce CI3® is the (7%d) mode. 
1 ? 
In the discussion of the C (T^ n) results, it was men­
tioned that the difference in the observed resonance energy 
obtained in this experiment and that obtained by Barber and 
his co-workers might be due to the fact that this experiment 
used the Penfold-Leiss method of cross section analysis 
To this point, the results of the BBS and Victoreen 
calibrations have been treated equally. Henceforth, the 
discussion,will deal with only the BBS calibration, since it 
is quite certain that the calibration of the photon beam 
with the BBS chamber is a much more accurate one. 
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while Barber and his colleagues used the photon difference 
method. A similar situation seems to prevail in the case 
of the A^ (y,p) results. McPherson and his collaborators 
used the photon difference method while Penfold and Garwin 
and the present experiment used the method of Penfold and 
Leiss. The Penfold and Garwin results seem to be in fair 
agreement with the McPherson, et al. results except for a 
difference of 2 Mev in the observed resonance energy. On 
the other hand, the Penfold and Garwin results are in serious 
disagreement with the results of the present experiment ex­
cept for the observed resonance energy, which is the same 
for both experiments. As in the carbon case, the difference 
cannot be due to errors in the energy calibration, since 
the observed thresholds were essentially identical in all 
three cases. 
The total cross section for particle ejection from A^  
is shown in Figure 33- The (7,p) and (Z,pn) cross sections 
are the results of this experiment while the (7",n) and 
(Z)2n) cross sections were taken from the re-analysis of the 
McPherson, et al. (69) data by Penfold and Garwin (36); the 
behavior of the (7",n) + (/,2n) curve beyond 25 Mev was 
extrapolated. The existence of the high energy tail for the 
neutron reaction is inferred from the predictions of the Wilk­
inson model (see below). The (7",^ ) reaction is not shown 
since the only information about this reaction is the 
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integrated cross section to 70 Mev reported "by Iavor (90); 
in fact, prior to this result, it had been argued on sum 
rule grounds that the (/,<*) reaction was negligible in A^ . 
The rather large integrated cross section, as reported by 
Iavor, would seem to warrant a closer investigation of the 
details of the reaction. 
The total cross section seems to be quite unusual be­
cause of the presence of the three distinct peaks; the usual 
total absorption cross section seen in photonuclear reac­
tions is a relatively symmetric, single peaked curve. The 
peaks are undoubtedly due to the quite wide spread in the 
resonance energies for the (y,n), (7',2n), and (Z",p) reac­
tions, and the values of the individual cross sections at 
the resonance energies. It would be quite interesting to 
attempt to verify these peaks by photon monochromator 
studies. 
Using the (T^ p) and (/,pn) results of this experiment, 
the (7,00 results of Iavor (90), and the (/,n) and (f,2n) 
results of Penfold and Garwin (36) (extrapolated to ap­
proximately 350 Mev-mb at kO Mev), the total integrated 
cross section for photon absorption is about 600 Mev-mb. 
This is about equal to the ordinary dipole sum but is only 
about two-thirds of the dipole sum with 50% exchange. 
Actually, this is in quite good agreement with previous 
results in the light nuclei; it was pointed out in Chapter 
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II, that the total integrated cross sections in the light 
nuclei are observed to be only about two-thirds of the dipole 
sum rule with 50% exchange. Also, the existence of the high 
energy tail in the (X,p) reaction and the presumed existence 
of a similar tail (although to a lesser extent) in the (T^ n) 
reaction will continue to add to the total integrated cross 
section as the energy increases. 
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VII. THE WÏLKHS0N MODEL AID THE A^ °(^ p) REACTION 
It is the purpose of this chapter to discuss the results 
of the A^ O^ p) reaction in terms of the Wilkinson model. 
This model was discussed rather extensively in Section II-C-6, 
and it will serve no useful purpose to repeat that discus­
sion here. 
Figure 3^  shows the transition strengths for allowed 
LlQ jproton transitions in A , based on two possible proton 
configurations. The first figure is based on the level 
ordering commonly seen in the light nuclei, with the 2s 
level below the Id^ /g level. The transitions in the second 
figure arise from a level ordering which places the 1^ /2 
state below the 2s. This latter ordering was chosen on the 
"basis of a statement made by Mayer and Jensen (67, p. 59). 
Since the amount of splitting of the Id state by the spin-
orbit coupling cannot be calculated, it might be possible for 
the I&2/2 state to still be below the 2s state (although the 
experimental evidence favors the first ordering). If this 
were possible, it should most likely occur for the protons 
4Q in A , since a more favorable case is hard to imagine. 
Placing the Id^ /g level below the 2s allows the protons to 
achieve a completely closed shell arrangement, with the 
increased stability such an arrangement implies. 
As can be seen from Figure 34, the two level orderings 
give rise to quite different cross sections. The first 
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case, with the ldgy2 level above the 2s, predicts a cross 
section with a rather prominent high energy tail. On the 
other hand, the second ordering predicts a rather narrow 
cross section with only a very weak (and probably negligible) 
high energy tail. Since the experimental result is a cross 
section with a prominent high energy tail, the first order­
ing scheme is most likely the correct one. 
A semi-quantitative comparison of the Wilkinson model 
predictions with the experimental results for the A^(T^p) 
cross section is shown in Figure 35» The Wilkinson transi­
tions were normalized with respect to both the transition 
energies and the transition strengths to insure that the 
Id if transition gave the peak value of the cross section 
at the resonance energy. The agreement between theory and 
experiment is qualitatively apparent, but it is difficult to 
make a quantitative comparison. If one compares relative 
areas symmetrical about the peak at 23 Mev, the experiment 
gives about twice the area in the high energy region that the 
model predicts. However, valence shell transitions, quadru-
pole transitions, and contributions to the C^p) cross section 
from neutron excitation have not been included in the the­
oretical calculation. 
It will be recalled that the transitions given in 
Figure 35 are actually only the transitions from the ground 
state, A^°, to the excited state, (A1*0)*, and are not general-
C L  
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Figure 35* Comparison of the Wilkinson model predictions with the 
experimental results of the A^^CT^p) cross section 
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ly the transitions to the state Cl3^+ p; i.e., the excited 
state may be destroyed either by ejection of the proton or 
by a redistribution of the excitation energy to the nucleus 
as a whole, ultimately causing ejection of a nucléon by a 
statistical mode. Thus, in the construction of Figure 35» 
the tacit assumption is made that the primary mode of 
destruction of the excited state is decay by direct ejection 
of the proton and that the statistical mode of decay is quite 
unimportant. This assumption is quite severe and, in 
general, is not valid, e.g., Wilkinson (72) considers that 
only a small fraction of the total number of reactions need 
proceed by the direct mode to explain the usual experimental 
results. 
Despite this, strong confirmation for the validity of 
this assumption in the case of A*4"0 is seen in the work of 
Spicer (73). He studied the angular distribution of the 
protons produced in the 22.5 Mev bremsstrahlung irradiation 
40 
of A and found that the observed distribution satisfied 
the usual form 
W(6) = a + bsin20(l + cos9) 
where 9 is the angle between the direction of the photon 
beam and the direction of the proton, in the laboratory 
system. The surprising result is the observed value of the 
ratio b/a, the anisotropy ratio. For protons of all energy, 
the ratio was 6.8, while for protons with energy greater 
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than 4 Mev, the ratio was 5«2. These are unusually large 
values and tend to confirm the assumption that the ratio of 
direct to statistical reactions is large, since the ratio 
b/a is a measure of the ratio of direct to statistical re­
actions. In fact, this very large value is quite difficult 
to explain, even on the basis of the Wilkinson model. From 
Figure 35, the only transition which should be excited at 
22.5 Mev is the Ip Id transition, which will give rise 
(from Equation 6) to an angular distribution of the form 
W(9) = 1 + |sin29 , 
resulting in an anisotropy ratio of 3/2 rather than ?• It 
is very interesting to note that this is precisely the value 
obtained by Gudden and Eichler (74) in their study of the 
angular distribution of the protons produced by 15 Mev brems­
strahlung on at such low excitation energies, it is 
almost certain that only the Ip—fid transition is excited. 
The only way ratios as large as those observed by Spicer 
could be obtained would be by having an appreciable number 
of the reactions proceed via the 2s—>2p transition (as seen 
from Equation 6); however, as Figure 35 shows, the energy 
of this transition seems to be much higher than the 22.5 Mev 
used by Spicer. The conclusion seems inevitable that the 
spread in transition energies is very much larger than is 
indicated in Figure 35$ and, in fact, there is most likely 
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a considerable overlapping of the individual transitions, 
at least to the extent that the 2s—>2p transition can be 
excited at 22.5 Mev. A possible answer to this question 
would seem to lie in a study of the angular distribution of 
protons produced by 30 to 35 Mev bremsstrahlung. At such 
energies, the primary mode of reaction should be the 2s 2p 
transition so, if the Wilkinson model and this hypothesis 
are correct, the observed anisotropy ratio should be even 
larger than that observed by Spicer. 
The foregoing discussion should not be construed as 
implying that only the Wilkinson model can be satisfactorily 
applied to the results of the A^0(/,p) studies. Spicer (73) 
has made a statistical model calculation, using several 
simplifying, but reasonable, assumptions, which results in 
^(T^p)^^(y ,a) ratios that are in excellent agreement with 
the results of McPherson, et al. (69). Since the McPherson 
results gave a (Jf,p) cross section very much larger than 
that observed in this experiment, it seems reasonable to 
conclude that a similar calculation would also give good 
agreement with the results of this experiment (whether the 
agreement would continue to be good in the region of the 
high energy tail is debatable, and while such a calculation 
would be quite interesting, it will have to wait for (f,n) 
cross section measurements in the same energy region). It 
would also be quite interesting to apply the Wilkinson model 
141 
to a similar calculation, but this will require much greater 
knowledge of the spread in transition energies than is cur­
rently available. The study of this transition energy 
spread would seem to be a fertile field of application for 
photon monochromators. 
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VIII. CONCLUSIONS 
It has not been the purpose of this lengthy report to 
40 
argue that photonuclear reactions in A should now be re­
garded as a closed subject. Rather, as is usually the case 
in such investigations, the results of the work reported 
here seem to raise many more questions than they answer. It 
is the purpose of this concluding chapter to summarize these 
unresolved questions, and to propose possible ways of answer­
ing them. 
First and foremost is the question of the Wilkinson 
model. The excellent, semi-quantitative agreement between 
the predictions of this model and the results of the A^CT^p) 
reaction seem to warrant more detailed testing of the model. 
One excellent way to do this would be to measure the cross 
sections of photonuclear reactions which the Wilkinson model 
would predict to have a high energy tail. An excellent case 
in point is the A^CT^n) reaction, which the Wilkinson model 
predicts to have a tail (although not as strong a tail as 
in the (Z,p) reaction). Another reason for studying this 
reaction beyond 25 Mev is in the hope of increasing the 
observed integrated cross section for photon absorption in 
40 A so as to bring the experimental results into better 
agreement with the dipole sum rule value. The experiment 
would be quite difficult to perform since the reaction would 
have to be studied by neutron counting, and the (7,2n) and 
3>3 
(y,pu) reactions would provide serious interference. 
Another reaction which seems to warrant further study 
is the A^(T,«0 reaction. The only experimental evidence 
for this reaction is the report of Iavor (90), but his re­
ported value of the integrated cross section to 70 Mev 
certainly indicates that more detailed study is both war­
ranted and feasible, at least in so far as yields are con­
cerned. The reaction would probably have to be studied by 
either cloud chamber or emulsion techniques, since the 
daughter nucleus, is stable. If the integrated cross 
section is actually as large as Iavor has reported, it 
would go a long way to increase the total integrated cross 
section. 
Another worthwhile line of investigation would seem to 
be a further investigation of the angular distribution of 
the protons from the A^CT^p) reaction, especially the 
protons produced by high energy (in the region of 30 to 40 
Mev) bremsstrahlung. It will be recalled that Spicer, using 
only 22.5 Mev bremsstrahlung, observed anisotropy ratios as 
large as 7» It would be very interesting to see if this 
ratio increases as the emitted proton energy increases, 
since such an increase would be a further verification of 
the Wilkinson model and yield some qualitative information 
on the spread of the transition energies. These studies 
would also provide additional confirmation of the assumption 
that the primary mode 
proton transitions is 
redistribution of the 
lMf 
of decay of the excited states in the 
by the direct ejection rather than 
excitation energy. 
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XI. APPENDICES 
A. Total and Real Attenuation Coefficients of Photons 
In this section, the processes whereby a photon beam 
loses energy in passing through matter will be discussed. 
Of necessity, the discussion will be brief and primarily 
restricted to the energy range of interest, i.e., greater 
than 1 Mev. For a more detailed treatment of the subject, 
the reader is referred to the excellent review article of 
Davisson (95) and the additional references given there. 
In this discussion the narrow beam approximation is 
used, i.e., the incident beam is assumed to be so narrow 
that a scattered photon (whether scattered by coherent, in­
coherent, or Compton processes) is removed from the incident 
beam. In this approximation, the interaction of photons 
with matter is an all or nothing process; that is, each 
photon is removed individually from the incident beam in a 
single event. Thus the number of photons removed, dH, from 
an X-ray beam in passing through an infinitesimal thickness 
of matter is proportional to the thickness, dx, and the 
n u m b e r  o f  p h o t o n s ,  i . e . ,  
dïï = - juNdx (A-l) 
where ju, the proportionality constant, is called the at­
tenuation or absorption coefficient. If the radiation is 
monoenergetic, fi is constant, so that integration of Equation 
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A-l gives 
U = NQe" f* . (A-2) 
It should now be clear that the distortion function of the 
cross section and monitor response calculations is simply 
fx(k) = = e" (A-3) . 
where the energy dependence of the absorption coefficient 
is explicitly stated. 
There are four processes whereby photons are removed 
from an X-ray beam: 
a. The photoelectric effect, in which a photon transfers 
all of its energy to a bound electron which uses 
part of the energy to overcome its binding and takes 
the rest as kinetic energy. This process pre­
dominates in the kilovolt region of energy. 
b. Scattering by atomic electrons, in which a photon 
is deflected from its original direction. At low 
energies, when the photon wave length is comparable 
to the size of the atom, the scattering is coherent 
with no change in energy (but this is just the 
region where the photoelectric effect dominates 
and so coherent scattering is often neglected in 
photon attenuation studies). At energies just 
greater than the electronic binding energy, the 
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photons are scattered as if the electrons were free 
and at rest. This is the Compton effect and around 
1 Mev it is the dominant mode of interaction. 
c. Pair production, in which a photon in a nuclear or 
electronic field disappears, with the formation of 
an electron-positron pair whose total kinetic energy 
is equal to the photon energy less the mass energy 
of the two created particles. The threshold for 
this reaction is 1.022 Mev and this reaction be­
comes the dominant mode of interaction as the energy 
increases. 
d. Nuclear photoeffect, in which a photon is absorbed 
by a nucleus and one or more nucléons are emitted. 
The threshold for this process is usually 10 Mev 
or higher, and in the giant resonance region it 
makes a contribution to the total attenuation co­
efficient which is usually of the order of 5% or 
less. Since the contribution is usually small and 
since the available data are not yet sufficient to 
make quantitative generalizations, this effect is 
usually ignored in evaluating total attenuation 
coefficients. 
Since the three processes which will be considered act 
independently of each other, the total attenuation coefficient 
may be written as 
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= f~ -r C + X 
where the symbols T, <T, and X stand for the contributions 
due to the photoelectric effect, Compton scattering, and 
pair production, respectively. Each of these processes will 
be discussed briefly. 
1. Photoelectric effect 
Photoelectrons may be ejected from any of the K, L, 
shells of an atom, but a free electron cannot absorb a 
photon and become a photoelectron, since a third body, the 
nucleus, is necessary for conservation of momentum. (Note 
that in Compton scattering the third body is the scattered 
photon.) Thus it is reasonable to expect, and the theory 
shows, that the cross section for the photoelectric effect 
increases rapidly as the binding energy of the electron 
increases so that at energies greater than the binding 
energy of the K-shell, the absorption due to outer shells 
is negligible. Therefore only the photoelectric effect on 
K-electrons will be discussed here. 
To simplify calculations and to permit the use of 
hydrogen-like wave functions for the atomic electrons, each 
electron is assumed to move in the electrostatic field of 
a nucleus of charge (Z-s^)e where the constants si are the 
Slater screening constants and indicate the decrease in the 
effective nuclear charge caused by the presence of the other 
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electrons in the atom. 
If the energy of the photoelectron is much larger than 
the binding energy of a K-electron, the Born approximation 
may be used. The criterion for the use of the Born ap-
2 proximation is that Ze <<• "Ev where • is the velocity of the 
photoelectron. Using the Born approximation, non-relativistic 
quantum mechanics, and hydrogen-like wave functions for the 
atomic electrons, Heitler (96) has calculated the absorption 
coefficient for the photoelectric effect in the K-shell of 
an atom with atomic number Z to be 
aTK = r2 z5 (137)'k (2)5/2«. "7/2 (A-4) 
where 
T 2 
a K = cross section, in units of cm /atom, for photo­
electric absorption in the K-shell, 
2 2 
rQ = e /mc , the classical radius of the electron. 
(Bote that 8 TTrQ/3 is the cross section for 
Thomson scattering, 
p 
(1/137) = e /fie, the fine structure constant, 
= hzz/mc , the photon energy, in units of the 
electron rest energy. 
In the relativistic region where the binding energy can 
be ignored, Sauter (97), using the Born approximation and 
making the same assumptions as were used for Equation A-4 
but using relativistic wave functions for the atomic and 
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photoelectrons, has obtained the result 
T 
a 
' ( H )  =  2 " ? / 2  T  ( B H ) ( 2  + < ) 4 -  r 3 t < 2  +  l t « (  +  5  -  I  2 " 
^ a J X  £ (<< + »< )  2  
X  I n  1  + * î  I (A-5) 
1 - O (T 
where T^ (hr) is the result given in Equation A-4. The 
total photoelectric cross-section in the relativistic region 
for all shells is given approximately in reference (98) as 
aT = I arK<M (A-6) 
2. Compton scattering 
The classical quantum mechanical calculation of the 
Compton scattering cross section is that of Klein and Hishina 
(99)• They used the Dirac equation for the electron and 
obtained 
JT= 2 7Tr2 (1 1 - ^  + ln(l +K ) (A-7) 
®  < 2  ( 1  +  2 K )  2 *  
where o( and rQ are defined as for Equation A-4, and gcf is 
p 
the Compton scattering cross section in units of cm /electron. 
For many problems it is of interest to know the probable 
amount of energy transferred to the material by the scat­
tering process rather than the amount of energy removed from 
the incident beam. For this purpose Q(f may be separated 
into e<5^, the Compton scattering coefficient (which is the 
] 
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cross section for the amount of energy in the scattered 
radiation) and e<5^, the Compton absorption coefficient 
(which is the cross section for the amount of energy 
t r a n s f e r r e d  t o  t h e  e l e c t r o n s ) .  T h a t  i s ,  
e* = e°s + e°a * (A-8) 
The scattering coefficient is given by 
g  -  TTr  l n t l  + 2-0  +  2(1  +* ) (2« 2 -  2 *  -1 )  +  8X 2  , ,  
6 
' ^3 „l2(1 + ^)2 3TÎW (A 
Numerical values of the Compton absorption coefficient can 
be obtained by subtracting values of ec5"s from qcT. These 
three functions are plotted in Figure 36. 
3. Pair -production 
The theoretical analysis of pair production in the 
field of a nucleus has been made by Bethe and Eeitler (100) 
Using the Born approximation, in which the interaction be­
tween the electron and the nucleus is considered only as a 
small perturbation and neglecting screening effects, the 
differential cross section for the creation of a positron 
with total energy between E+ and E+ + dE+, and a negative 
electron with total energy between E_ and E_ + dE_ by a 
photon of energy hi', in the Coulomb field of a nucleus of 
charge Ze is 
6xlÔ25 
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Figure 36. The Compton cross section, scattering coefficient, 
and absorption coefficient 
159 
2 g 
ak(E+)dE+ = Mzj dE+ j. k . 2E+B_ 
P+ + P! 2 4 E+f- ^ e+E-
"P!>P! C P3 P3 P+P-
-
1 tes ™-v - '.v - ! E 
m2ckhvfE+E-- P-2 -, E+E- ~ P+2 , 
2pj_p_ y p 3 - p+3 + 
2hz/ E.E )] ] 
+ cp+p.)2 y Jj (A"10) 
where 
E_ = h v - E+, 
£± = 21n [ (E± + p±)/mc2 ] , 
I = 21m [ (E+E_ + p+p_ - mc2)/mc2h^ J , 
and p^_ and p_ are the momenta of the electrons in energy 
units. This result is limited by the conditions 
Ze2/&v+ « 1 Ze2/fiv_« 1 (A-ll) 
which is the condition for the validity of the Born approxima­
tion. It also assumes that pair formation takes place in 
the Coulomb field of the nucleus, this is valid only if 
137mc2h A /2E_E+Z1/3> > 1 (A-12) 
Equation A-10 (and other forms which are not given here) 
give the differential cross section for the energy distribu­
160 
tion of the pair electrons. The total cross section for 
the production of an electron pair of any energy, is obtained 
by integrating Equation A-10 over all possible energies of 
the positron. Analytic integration of this equation is 
impossible, so the total cross section for a given photon 
energy must be obtained from a numerical integration of the 
curves drawn from this equation. 
4. Total and real absorption coefficients" 
In the narrow beam approximation, the cross section for 
the energy removed from a monochromatic photon beam by matter 
of atomic number Z is given by the total attenuation co­
efficient 
ap = ar + V"+aK 
2 
where ap is the total attenuation coefficient in cm /atom 
and the other quantities have the same meaning as before. 
This is the quantity used in the calculation of the attenua­
tion of the br ems s trahlung spectrum. 
It should be clear that, in the narrow beam approxima­
tion, the energy removed from the incident beam is not equal 
For the purpose of this discussion, it is assumed that 
the incident photon beam is monochromatic. Thus the number 
of photons removed from the beam or the amount of energy 
removed from it may be used interchangeably. 
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to the energy transferred to the material since the photons 
removed from the beam by a scattering process do not lose 
all their energy to the material. Thus, neglecting coherent 
and incoherent scattering, the cross section for the energy 
transferred to the material from a monochromatic photon beam 
is given by the "real" or "true" attenuation coefficient 
apR = ar + V. + a* 
= aP ~ Ze5s • U-lW 
This is the quantity used in the calculation of the specific 
ionization, J^/E, produced by the photon beam. 
p 
The units of cm /atom are often quite inconvenient to 
use in actual calculations. Attenuation coefficients with 
more convenient dimensions are given by 
(ji/y) = (N/A)ap (A-15) 
and 
ji = j)(IT/A)ap (A-16) 
where and ji are the attenuation coefficient in units 
2 _i 
of cm /g and cm" , respectively, Z is the atomic number, A 
the atomic weight, N Avogadro1 s number, and jd the density 
in g/cïï?. 
Equations 13 to 16 are valid only for matter consisting 
of a single element. For matter consisting of homogeneous 
mixtures or compounds, the proper equation to use is 
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JL 
Cp/p) = 5T (A-17) 
i=l 
where (ja/p)^ is the attenuation coefficient and a^ is the 
fractional amount by weight of the i-th element in the mixture 
or compound. The equivalent equation may be used to calculate 
the real attenuation coefficient of a mixture. 
B. An Alternative Method of Cross Section Analysis 
The starting point of this proposed approach is the 
reduced yield equation of Penfold and Leiss (20): 
Y(xm) = j d(x,k)J2 (k)dk (B-1) 
o 
where 
n f (k) 
SI (k) = sks CT (k) . (B-2) 
The physical cross section ti" (k) is now assumed to be 
expressible as a linear combination of a set of functions, 
gi(k), i.e., 
M 
cT (k) = ^  aj g, (k) . (B-3) 
i=0 t 1 
(The form of the functions and the value of M will be 
discussed below.) Substitution of Equation B-3 into Equation 
B-2 yields 
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n  f  ( k )  
XI (k) = —c a.1 g. (k) , K • i=0 1 1 
«  i a , ! # .  ( B - W  
i=0 1 K 
The approximation that f^Ck) can be treated as a constant 
is crucial to the further development of this method. Strict­
ly speaking, of course, fg(k) is a function of the photon 
energy; however, for most experimental arrangements, 
especially when a beam hardener is used, and in the energy 
range of interest, the transmission function is, at worst, 
a very slowly varying function of energy and so the approxima­
tion is probably good. 
Assuming the validity of the approximation, substitu­
tion of Equation B-4 into Equation B-1 yields 
f* a^gj^k) 
Y(xm} = J k dk , 
0 
. i=0 
M 
v n aiFi(xm^ (3-5) 
1=0 
where 
= f dk 
o 
are analytical functions which only need to be evaluated 
once, although they must be evaluated for all desired values 
o f  x m  a n d  a l l  i  = 0 ,  1 ,  M .  
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Once the necessary F^x^) have been determined, the 
coefficients a^ (and so the aj also) may be determined by 
a weighted least square analysis of Equation B-5. That is, 
the criterion for the best values of the is that 
H M 
=  z L  w . [ y( z . )  -  a . F .  ( x . ) l  ,  
1=1 3L 3 i=0 1 1 J: 
where N is the number of data points of the yield curve, be 
a minimum. The necessary and sufficient condition for this 
is that 
H M -, 
"" % ^  ^  ' Z) ° 
or 
M N H 
2" S" a  - w  .F . (X. )F1 (X. ) = X W,FV(X,)Y(X, )  ( B - 6 )  
k=0 j=l 1 3 1 3 £ 3 j=l 3 K 3 3 
for all k = 0, 1, ..., M. 
The minimum condition for a unique solution to the 
system of Equations B-6 is that N^M+l, but for practical 
purposes, in order to avoid an oscillatory behavior to the 
cross section, a more desirable condition is that H»M+1. 
This requirement, in turn, supplies the condition for the 
functions g^(k). The Fourier theorem tells us that, if we 
allow M to be infinite, the functions g^(k) may be any set 
of orthogonal functions, with the coefficients a^ then given 
TY CO 
a£ = -(> d"(k)gj_(k)dk 
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or 
oo 
^ k_Q(k)gi(k)dk 
o 
However, as we have seen, M should be as small as possible, 
i.e., the g^(k) must be chosen so that the series in Equa­
tion B-3 (or Equation B-4) converges to <5" (k) (or to J! (k) ) 
as rapidly as possible. In addition, to be of general ap­
plicability, the linear combination should be capable of 
reproducing the two types of cross section curves encountered 
in photonuclear work, the relatively symmetric simple giant 
resonance curve and the giant resonance with a high energy 
tail. Thus it is seen that the proper choice of the func­
tions g±(k) is most important, and this choice will, in 
large part, determine the usefulness of this proposed method. 
More detailed work must wait for the future, but preliminary 
investigations indicate that radial part of the electron 
distribution functions in hydrogen, and defined by (101) 
may have the desired properties. 
C. Correction Factors for Don-Zero Counting Times 
v<*> . «-»*1 (n-i-l-j)! (2>l+j)Jj (n+^)J ^ 
J 2 
Let A be the observed counting rate of a radioactive 
sample during a counting time t and the true counting rate 
at the midpoint of the counting period be A. Then the true 
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counting rates at the beginning and end of the counting 
period will be 
AQ = Aexp(-o- At) 
and 
A^_ = Aexp(--jr'X t) , 
respectively, and the average counting rate during the 
counting period will be 
A = r \ exp(- ^  t)dt 
* 
= sinh i >t 
or 
A _ %• A t 
j sinh i>t 
The entries in Table 10 were calculated using the last 
result. It will be seen from this table that assuming the 
average counting rate to be equal to the true counting rate 
at the midpoint of the counting period results in an error 
of less than 0.5% for counting periods as long as half of 
the half-life. 
D. Analysis of a Two Component Mixture of Radioactive Isotopes 
In this section, a method of evaluating the initial 
activities and the decay constants of a two component mixture 
will be described. The activity of the mixture at any time t 
Table 10. Correction factors for non-zero counting times 
t/T,. A/A t/% ir A t A/A t/T, ir A t A/A 
0.000 0.00 1.0000 1.010 0.35 0.9799 2.020 0.70 0.9228 
0.029 0.01 1.0000 1.038 0.36 0.9787 2.049 0.71 0.9207 
0.058 0.02 0.9999 1.067 0.37 0.9775 2.077 0.72 0.9186 
0.086 0.03 0.9998 1.096 0.38 0.9763 2.106 0.73 0.9164 
0.115 0.04 0.9997 1.125 0.39 0.9751 2.135 0.74 0.9142 
0.144 0.05 0.9996 1.154 0.40 0.9738 2.164 0.75 0.9120 
0.173 0.06 0.9994 1.183 o.4i 0.9725 2.193 0.76 0.9098 
0.202 0.07 0.9992 1.212 0.42 0.9712 2.222 0.77 0.9076 
0.231 0.08 0.9989 1.241 0.43 0.9698 2.251 0.78 0.9054 
0.260 0.09 0.9986 1.270 0.44 0.9684 2.279 0.79 O.9031 
0.289 0.10 0.9983 1.298 0.45 O.967O 2.308 0.80 0.9008 
0.317 0.11 0.9980 1.327 0.46 0.9656 2.337 0.81 0.8985 
0.346 0.12 0.9976 1.356 0.47 0.9641 2.366 0.82 0.8962 
0.375 0.13 0.9972 1.385 0.48 0.9626 2.395 0.83 0.8938 
0.404 0.14 0.9967 1.4l4 0.49 0.9611 2.424 0.84 0.8914 
0.433 0.15 0.9962 1.443 0.50 0.9595 2.453 0.85 0.8890 
0.462 0.16 0.9957 1.472 0.51 0.9579 2.481 0.86 0.8866 
0.491 0.17 0.9952 1.500 0.52 0.9563 2.510 0.87 0.8842 
0.519 0.18 0.9946 1.529 0.53 0.9547 2.539 0.88 0.8817 
0.548 0.19 0.9940 1.558 0.54 0.9530 2.568 0.89 0.8792 
0.577 0.20 0.9934 1.587 0.55 0.9513 2.597 0.90 0.8767 
0.60o 0.21 0,9927 1.616 0.56 0.9496 2.626 0.91 0.8742 
0.635 0.22 0.9920 1.645 0.57 0.9478 2.655 0.92 0.8717 
0.664 0.23 0.9912 1.674 0.58 0.9460 2.683 0.93 0.8692 
0.692 0.24 0.9904 1.702 0.59 0.9442 2.712 0.94 0.8666 
0.721 0.25 0.9896 1.731 0.60 0.9424 2.741 0.95 0.8640 
0.750 0.26 0.9888 1.760 0.61 0.9406 2.770 0.96 0.8614 
Table 10. (Continued) 
t/TV i Xt A/A t/T, A/A t/TJL i^t A/A 
3 2 2 
0.779 
0.808 
0.837 
0.866 
0.894 
0.27 
0.28 
0.29 
0.30 
0.31 
0.9880 
0.9871 
0.9862 
0.9852 
0.9842 
1.789 
1.718 
1.847 
1.875 
1.904 
0.62 
0.63 
0.64 
0.65 
0.66 
0.9387 
0.9368 
0.9349 
0.9329 
0.9309 
2.799 
2.828 
2.857 
2.885 
1.914 
0.97 
0.98 
0.99 
1.00 
1.01 
0.8588 
0.8562 
0.8536 
0.8509 
0.8482 
O.923 
0.952 
O.981 
0.32 
0.33 
O.34 
0.9831 
0.9821 
0.9810 
1,933 
1.962 
1.991 
O.67 
0.68 
0.69 
O.9289 
0.9269 
0.9249 
1.943 
1.972 
2.001 
1.02 
1.03 
1.04 
0.8455 
0.8428 
0.8421 
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will be given by 
_ X-, +• — Xgt 
A(t) = A^e + A^e 
where the A^ are the initial activities and the are the 
decay constants of the two components. The logarithmic form 
of this decay equation may be written as 
In A(t) = In A^- A^t + In (1 + Ae"^) (D-l) 
where 
and 
A = A2/A1 < 1 
b = ^2~ ^ 0 . 
These two conditions are necessary for the further analysis, 
since the analysis requires that the term Ae be less than 
1 for all t. Thus, this method of analysis is restricted to 
the case where the longer lived component is always present 
in the larger amount. 
If the condition Ae"^<l is satisfied, Equation D-l 
may be written as a power series in time, i.e., 
4K i In A(t) = ^>- a.t 
i=0 1 
where the coefficients ai are given by 
aQ = In A1 + In (1 + A) = In (A^ + Ag) , 
i-
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âk = (-1)* , k»2 
where the G^.(A) are polynomials of degree k-2, defined by-
oo 
G. (A) = (1-A)k ^  (-l)3(j+l)k-V . (D-2) 
5=0 
These polynomials have some rather interesting properties 
and will be discussed in further detail below. 
Since In A(t) may be expressed as a power series in 
time, it is possible to perform a least square analysis on 
the data so as to obtain the best values of the coefficients 
a^ (which are functions of the A^'s and the as 
discussed above). If an IBM type 650 computer is available, 
the best way to do this is to use the program developed by 
Haefner (102). This program will perform a weighted least 
square analysis on any polynomial up to degree 15, providing 
that the coefficients to be fitted lie in the range 
10 a^ < 10^ for all a^^l5* One great advantage of this 
program is that the order of the polynomial to be fitted 
is variable, so, if the decay curve has only slight curvature, 
the analysis can be performed without requiring all 15 co­
efficients to be evaluated. 
**************** 
The polynomials G^(A), defined by Equation D-2, arise 
171 
as factors in the coefficients of the Taylor expansion of 
ln(l-Ae"~x) where jAe~xj <1. They satisfy the recursion rela­
tion 
dAG. 
C-M(A) = (l+A) - kAGk(A) , G1= 1, (D-3) 
as can be verified by direct substitution of Equation D-3 
into Equation D-2. 
The coefficients for the first twelve polynomials are 
shown in Table 11. If the coefficient in the n-th row and 
m-th column of this table is designated by f(m,n), the fol­
lowing relations are easily demonstrated: 
a. f(m,l) = f(l,n) 
b. f (m,n) = f(n,m) 
c. f(m,n) = mf(m,n-l) + nf(m-l,n) 
E. Programs for Machine Calculations 
1. General introduction 
The programs presented here were written for use with 
the IBM Type 650 Magnetic Drum Data Processing Machine with 
a 2000 word memory and no auxiliary units. All programs 
were written in the Bell Interpretive Language (103), and, 
for the sake of brevity, it is assumed that a potential user 
is familiar with the system. 
Table 11. Coefficients of G^(A) 
m/n 1 2 3 4 5 6 7 8 9 10 11 12 
1 1 1 1 1 1 1 1 1 1 11 
2 1 4 11 26 57 120 247 502 1,013 2036 
3 1 11 66 302 1,191 4,293 14,608 47,840 152,637 
4 1 26 302 2,4l6 15,619 88,234 455,192 2203,488 
5 1 57 1191 15,619 156,190 1310,354 9738,114 
6 1 120 4293 88,234 1310,354 15724,248 
7 1 247 14608 455,192 9738,114 
8 1 502 47840 2203,488 
9 1 1013 
10 1 2036 
152637 
Example : G^ (A) = 1 - 26A + 66A2- 26A^+ A^ 
11 1 
12 
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The presentation will consist of four parts for each 
program: (a) an introduction, giving the equations used in 
the calculation and a "brief discussion of' the features and 
limitations of the program.; (b) data storage, giving both 
input and output data locations (note that temporary storage 
locations used during the course of the calculation are not 
given. Consequently, before any modifications are made, the 
program should be studied closely); (c) deck assembly, giving 
the necessary arrangement of the program and data cards (for 
the sake of completeness, the deck assembly always includes 
the necessary Bell system decks ; however, once these decks 
are loaded into the drum, they need not be reloaded); and 
(d) the program itself. For convenience, the programs are 
all grouped together in Figure 37 and are given in the 
standard Bell six word per card format. Each line represents 
one card and the entries start at column 7 and run to column 
76; the dashes (-) and ampersands (&) in columns 11, 22, 33, 
44, 55s and 66 represent 11- and 12-punches, respectively 
and the entries in columns 7-9 give the drum location of the 
first instruction on each card. Columns 1-6 and 77-80 are 
not utilized in the Bell system and are best utilized for 
identification purposes. 
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A. CONVERSION OF COUNTING DATA TO COUNTING RATES 
0926 
0986 
1046 
1106 
1 1 6 6  
1226 
1285 
0106 
0166 
020'50000106-0400200202|&9000 20050q&900020140q 
£-0006095001 
5-4280000000 
5-3000250000 
5-4000282284 
£,9000500239 
50060125001 
5-6002550011 
5-6002560017 
0223fe6002560023 
5-0006096001 
•'".2000251600 
4000282283 
53252252000 
50060122001 
5-0110000101 
51001000012 
5-1001300018 
6-0100000093 
0006105001 
3280280000 
1000284000 
5-9000600240 
0410500500 
52101000013 
5-2101300019 
1001320 024I& 2101321095 
-330040028C 
532S1281000 
53000000000 
5-100028300C 
590007002^-1 
&0410600600 
5-6002550014 
6002560020 
5-900020230C-
5500025300C 
3000000282 
3000254000 
0300000700 
50410239241 
041070C70CI, 
51001290015 
1001310021 
150006094001 
51000250281 
53280250 000 
530002540.00 
£.0006120001 
50060124001 
£.0060124001 
£-2101290016 
5-2101310022 
B. LEAST SQUARE ANALYSIS. 1 
1006 
1066 
1126 
1186  
1246 
1302 
0106 
0166  
0223 
50205000010 
5-0006104001 
51000262262 
-5270500000 
-0302600 80015-0011000101 
50110000103 
& 0 1 1 0 0 0 0 1 1 1  
52000290000 
53000292293 
56002720011 
56002720017 
5006 012000150060122001 
50410290293 
51001020012 
51001100018 
600 2 720023& 1001260024152101261095 
-3900800000 
55270262000 
51000800000 
50010000116 
52101020013 
5210110001 
-4600 70 00001-5 3 0000 00 9 0CÎ5100C 
5100026126L50110000103-390C 
51000261000 
3000000000 
54263260000 
6002720014 
56002720020 
0260260 
0500000 
^400026029Cjt-0301000292 
5300090000051000263 263 
400027100050300000 291 
5100107001 
100113002 
5)52101070016 
152101130022 
C. LEAST SQUARE ANALYSIS. 2 
1006150205000010 
1066 
1126 
1186 
1246 
1306 
1366 
1426 
1486 
1546 
1606 
1663 
0106 
0166 
0 2 2 6  
-0302600800 
5000 610400150110000103 
51000261261 
51000264264 
55261264000 
54000286222 
51000265265 
54000289000 
53000221226 
53000290230 
53000290231 
50300000000 
56002540011 
56002540017 
56002540023 
50111000111 
50110000117 
1000287000 
-5222500000 
50060133001 
50300000221 
54253222227 
53223223292 
50011000101 
-3900800000 
-3400500000 
53260262285 
54000286220 
5200022000051000800000 
53000290233 
51001020012 
51001100018 
1001160024 
-46007000005300000090(^51000260 260 
5100026326 35011000010 5-3900500400 
510002622 6250110000114-3400800 000 
53263262287 >52612610005100028 5286 
53260264288-5 5261263000 
50060135001 
53260265000 
55000223000 
53291222000 
1250222293(55000 290232 
50410220233 
52101020013 
52101100019 
52101160025 
02835600 2 540029151001390030152101391095 
D. NUMBER OF NUCLEI FORMED 
50010000131 
54000289000 
54000222228 
53000000000 
53293222000 
3000000000 
5325528628? 
0300000223 
54225252290 
100029200C 
53000000000 
56002 540014 51001070015 
5600254002 051001130021 
56002 54002651001190027 
51000288000 
£3000900000 
3262265000 
0301220225 
51251222291 
50300000000 
1000292000 
52101070016 
5-2101130022 
52101190028 
1006(54244245252 
1066 
1126 
1186 
1246 
1306 
1366 
1426 
i486 
1546 
1606 
1666 
1726 
1786 
&4 2442 4 7254154246245 00 01  
50400225239,5424422725054228227000530002502515423424000C&3000236000 
5300 02380005300023 5000 54000 241256542392380005300000025754237236000 
5300000000051000257257 542252562605423025626254232256264,54226225000 
30000000005100025726154231230000 53000000000 5100025726354233232000 
5300000 0000 510002 5 7265 55250 242000 503010000005200024300054243000 266 
55252242000 50301000000 52000 243000542430002675 525424200050301000000 
0 0243000 5424300026355266260270552672622 7255268264274153250242000 
50301000000620002430005424200000053000251000 
5325224200050301000000520002430005424200000053O00253000 
5100 0263273 5325424 2000 5030100000052000243 00054242000000 
5300 0000000510002 6 527554 2702 5028054 272252282 
530000000005100027100050300000000530002802815425325200053000000000 
5100 0273000 50300000000 5300028228354255254 00015300000000051000275000 
184615030 00000001530002 84285150410280285150100036106-OOOOOOOOOOI-
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530002522536424824700053000254255 
3000000000)510002&1271 
53000000000 
53000255000-
542742 54284 54251250000 
£• CONVERSION OF NUCLEI FORMED CARDS INTO DECKS 
1006I&040 028 02 85690002 80300169000281350 
1 0 6 6  
1 1 2 6  
1 1 8 1  
69000285550 
6-0006106001 
6-0100005115 
60006101001  
60100034100 
590002824006900028 3450690002 84 500 
60006102001 
60410300335 
60006103001 6-0006104001 
9040350300^0410300335 
60006105001 
60060115050 
F. CROSS SECTION ANALYSIS 
1006 
1066 
1126 
1186 
1246 
1306 
16:0205000142 
4200600000 
3300400900 
6040080080.0 
64060052699 
-3600700700 
13665-007013400: 
1426 
1486 
1546 
1606 
1903 
60400200199 
64000051600 
60111000112 
63800000000 
60007124001 
601H000130 
50007135 C/01 
£6000540149 
66000550161 
166666000540167 
172666000550173 
178666000550179 
184666000540185 
66000540191 
60006107001 
60005118800 
61000060060  
6-0006118001 
60410700699 
60100000134 
660005401431610013401446210134014 5 
61001380150 
660005501556)001010156 
6-1001040162 
61001110174 
61001160180 
61001310186 
61001290192 
|-2200050200|&0101000102K 
6210]380151 
62102.010157 
6-2101040163 
£100109016862101090169 
62101110175 
6 2 1 0 1 1 6 0 1 8 1  
62101310137 
62101291095, 
50110000106^ 
62060060060) 
0600119001 
60060123001 
62061061061 
04108007991 
66000550146 
66000550152: 
660005401586 
66000550164 
660005 50170| 
6600054017 
60005501821 
6600055018 
0410200 
0400400399 
0050119899 
0060119001 
0007116001 
1061699061 
OOOOOOOOOO 
1001350147 
1001390153 
1001030159 
1001050165 
1001100171 
1001130177 
1001240183 
1001320189 
19960400600599 
60&00300299 
60500119800 
66119801119 
60100000115 
9000061799 
62101350148 
62101390154 
62101030160 
62101050166 
62101100172 
62101130178' 
62101240184 
62101320190 
G. ADDITIONS TO CROSS SECTION PROGRAM TO PUNCH INTERMEDIATE RESULTS 
1101 
1141 
1301 
0806 
60203000080 
60203000083 
60203000086 
60410600599 
1702 
1852 
1926 
086460410700699 
09046210083009166000550092 
60400400 39960203000111 
-360070070060111000087 
5100080017162100800172 
6100088 0186621008 80187 
521012901936600055 019461000810195 
60410900899600051188006-0203000115 
60203000132 
621008101966-600055019761000830090 
!&1 000 86009362100861095 
ION ADD IT 
1201 
1241 
1341 
0206  
0266 
0323 
1852 
1972 
188216 
TO CROSS SECTION PROGRAM TO COMPUTE 
50203000020 
STANDARD DEVIATIONS 
0203000023 
50203000027 
3000000000 
60203000126 
50007031001 
61000270186 
61000060060 
63053699000 
60070027001 
62100270187 
6100 024019852100240199 
100031018962100310190 
0203000121603000600006400005269960007024001 
63000000000 
50203000137 
61000061061  50300000000 64000053749 
CONVERSION OF CROSS SECTION DECKS INTO CARDS 
1006)6020 5 000123|&0400200199]£04CC 700 699169000700300(60 400700699(69000700400 
350400750749 
1366 
142,6 
1486 
1606 
106660400750749 
1I2669000400702 
11.8650060112001 
124661001010125 
130661001030131 
69000750500 
69000500703 69000 600704 
60060113001 
6210101012666000520127 
61001050137 
61001070143 
61001090149 
63053701701 
50060114001 
62101030132 
52101050138 
62101070144 
62101090150 
63053702702 
69000750600 
0203000160 
60100000110 
61001020128  
66000520133 
66000520139 
56000520145 
66000510151 
63053703703 
59000200700 
500-60110001 
60000000000 
62101020129 
510010801^6 
61001210152 
59000300701 
0060111001 
56000520124 
>6000500130 
6100104013462101040135>6000500136 
6100106014052101060141 
52101.080147 
52101211095 
6305370470450410700704 
>6000500142 
>6000500148 
60000000000 
50203000116 
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2. Conversion of counting: data to counting rates 
a. Introduction - This program converts counting 
data (particularly register reading , R, scale factor y 3, and 
fixed counting period, t, but not interpolation counts) into 
counting rates, applying corrections for the dead" time,T", 
and background, B; the program also computes the standard 
deviation of the counting rate. The pertinent formulas are 
The program will handle up to 100 pieces of counting 
data and punches out the results in two forms : (a) individual 
cards containing the elapsed time, the counting rate at that 
time, and the standard deviation of the counting rate and 
(b) separate decks containing all the elapsed times, count­
ing rates, and standard deviations, individually. The first 
form is convenient for tabular presentation of the data 
while the second is used for the least square analysis of 
the data (see below). 
If interpolation counts are used, the program can be 
readily modified to include these in the calculation. One 
way to do this is to add the following instructions to the 
indicated locations : 
and 
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093 + OU002 002 03 
099 + 0203000085 
085 + 0006096001 
086 + 9000203800 
087 + 0006086001 
088 + 0203000100 
102 + 0203000089 
089 + 1000203280 
090 + 5000253000 
091 + O2O3OÔOIO3 
The cards containing these instructions must be placed after• 
the basic program deck. (Note: this modification has not 
been tested and may need debugging.) 
b. Data storage The input data are of two types. 
First, a set of constants are entered as part of the program 
immediately following the program deck. Their locations are 
as follows: 
250 Counting time (t) 
251 Background (B) 
252 <rB 
253 Dead time (T) 
254 (Ç 
255 Number of data points (as OOOOxxxOOO) 
256 Number of data points (as OOOOOOOxxx) 
The counting data are read into the following locations : 
200 Elapsed time (T) *\ 
201 Register reading (R) L one card for 
202 Scale factor (S; \ each set 
203 Interpolation counts (if used)J 
The output data are also of two forms. First, for tabular 
purposes, the data are punched as follows 
239 Elapsed time (T) 1 
2k0 Counting rate (A) r one card for 
24l J each set 
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The second form is used as the data, for the least square 
analysis and is punched from the following locations: 
500 - 499+i Elapsed times (T^) 
600 - 599+1 Counting rates (A^) 
700 - 699+1 a: 
i 
c.. Deck assembly The program is loaded in the 
following order : (a) Bell system deck, (b) Bell normal mode 
deck, (c) Bell six word punch card, (d) Bell memory reset 
card, (e) program, (f) program modification for interpola­
tion counts (if used), (g) constants, (h) transfer card to 
location 092, and (i) data cards. 
3• Weighted least square analysis. 1 
a. Introduction This program calculates Aq in the 
equation 
In A^ = In AQ - A T^ 
with A known. Thus, the program evaluates the initial 
activity in the decay of a pure radioactive isotope with a 
known half-life; it also evaluates the standard deviation 
of the initial activity. The pertinent equations are 
In Aq = ( 2^1 In Aj, + A V ZTwi 
and 
«In Aq = 
where 
and 
It also evaluates 
and 
\ = ^O^ln AQ 1 
The program will handle up to 100 pieces of data which 
are entered in absolute form, i.e., the logarithms are 
calculated as part of the program. Because of this, all 
activities must be positive; if any negative activity is 
entered, the computor will make an unconditional stop when 
it tries to take the log of the negative number. The best 
way to handle this is to check the counting data beforehand, 
and, if the m-th point is the first negative activity, to 
only use the first (m-1) points in the calculation. It is 
not statistically valid to simply reject all negative 
activities. 
b. Data storage The data cards are the second form 
from the preceding calculation and are read in directly; in 
addition, constants are read into the following locations : 
270 Decay constant as negative number (- X ) 
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w. = (A./<f )2 
d. = In A^- In Aq + A . 
A0 = eln A0 
179 
271 Number of data points used less one (n-1) 
272 Number of data points used (as OOOOxxxOOO) 
The output data come out as follows: 
290 m A0 
291 , (3ln A 
292 A0 
293 % 
c. Deck assembly The program is assembled' as 'fol- * 
lows : (a) Bell system deck, (b)-..Bell normal mode deck, -(c) 
Bell 5 or 6 word punch card, (d) Bell memory reset card, 
(e) program, (f) constants, (g) elapsed time deck, (h) count­
ing rate deck, (i) standard deviation deck, and (j) transfer 
card to location 100. 
4. Weighted least square analysis. 2 
a. Introduction This program calculates both AQ 
and XQ (and their standard deviations) in the equation 
In A^ = In Aq - AQT^  ; 
it also calculates the coefficients A^ and A^'(and their. 
standard deviations) in the approximate relation . 
'  
>xt  + A2e~ V >A0e"J° t  ' , 
i.e., this program computes the initial activities of Cl^ 
and Cl-5 , as discussed in Section V-C. The pertinent equa-
180 
tions are 
Zwj_ln A± Z. WjT^ . Z"Z w iT j_ ln  A j_ 
.  Z w ,  g w ^ _  
^w±ln Ai £ wiTi - Z wi £ w.T.ln A. 
0  
~  2 » i l V i  "  
«in A0 
= |_£!£llVi 1 
[(n-2)[ £ WjL £ w.Tf - ( £ w.T.)2JJ 
CT f ^W i ^ V l  1 
A0 L(n-2)[r "i Z -"(£ Vi )2JJ 
A0 = eln A0 , 
Tg = ln2/%0 , 
A^q = A0C5ln Aq > 
^TQ = T0d>0/>,0 '  
(^2 "  ^  0^ 
A i = TjÇTÔ^T Ao -
A2 = ï° A0 • 
°
A1 = l>2, - h ' f a o -  + U? '  A0 ,2 f l ln A0]* 
and 
181 
^ 
i
'
0
- i0 * (Ax - X0)2tfln J "; 
A 
•^2 ^2 ~ ^ 1 ^ 
where 
and 
w. = (Aj/C%.)2 
d^ = In Ai - In AQ + A QT^ . 
The same restrictions, as to signs, apply to the data 
as in the preceding program. 
b. Data storage The data cards are the decks result 
ing from the first calculation and are read in directly; in 
addition the following constants are read into the following 
locations : 
250 \ 
251 >2 
252 X2 - A 1 
253 -In 2 
254 number of data points (as OOOOxxxOOO) 
255 number of data points less two 
The output data are punched from the following locations ; 
220 In Aq 227 TQ 
221 cf 228 <fT 
.222 X0 230 A1° 
' 
223 % 231 ^1 
- 2?5 A0 . 232 A2 
226 % ' '  '  . ' 233 i l. 
182 
c. Deck assembly- The program is loaded in the 
following order : (a) Bell system deck, (b) Bell normal mode 
deck, (c) Bell 5 word' punch card-, '(d) Bell memory reset 
card, (*e •) program$ Of) ° constants, \(g) elapsed time .deck,-' 
(h) counting rate deck,.'(I.) '.standard deviation deck,: and./,-
(j) transfer card to location 100. 
5» Calculation of the yield 
a. Introduction This program computes the number 
of nuclei formed per unit of monitor response and its standard 
deviation, applying all necessary corrections for dosemeter • 
and G-M tube normalizations and the chemical yield. The 
discussion in Section V-D of this calculation also included 
the correction for thé efficiency.of;the G-K tube, but, for 
experimental reasons (i.e., the efficiency was not measured 
until after this calculation was performed), the program 
does net include this correction. The modification to in­
clude is quite simple and can be done by loading the fol­
lowing instructions 
105 + 0203000189 
189 + 3000220256 
190 + 4239238OÔO -
191 + 0203000116 -
120 + 0203000192 ' 
192 + 4221220000 
193 + 3000000000 
194 + 100025725? 
195 + 4225256260 . 
.. . 196 + 02Q3Ô00121 ' , *' ' \ ' :  
• 
e # 
. 
• e 
after the ba*si'c pî-ogram*, has been loaded. 
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The pertinent formulas are 
where 
F = YDNDE/Ng , 
A is the initial activity, X is the decay constant, t is 
* the irradiation time, Y is the chemical yield, D is the 
dosage detected by the dose-meter, and. and. Ng are the 
dosemeter and G-M tube normalizations, respectively. 
The program was developed to calculate the three numbers 
(Cl^ nuclei, 01^9 nuclei, and total 01 nuclei) needed for 
the complete analysis of the argon irrMi&tion. If only 
one activity is used (as in the calculation for carbon), the 
program can be used directly by repeating the parameters, 
or else the program may be modified.;, however, the necessary 
modifications would be extensive. 
Since the data cards for each point of the yield curve 
are read in,separately, there is no. limit to the number of 
points'. tha.t can'be calculated.. The. loop instruction in ' . -
184 
location 187 allows the calculation of 36 points ; if more 
are desired, the modification of this instruction to allow 
this is obvious, if less than 36 points are used, no 
modification of. the loop instruction is- necessary. • 
b. Data storage" ' The inbut"data are of two forms. 
First, a set of constants are read into the following loca 
tions immediately following the program: 
240 Standard Srclick rate (sec/click) 
241 Standard UgO^ counting rate (cpm) 
242 Irradiation time (t) 
243 1 
244 In 2 ,Q 
245 Half-life of Cl^(T, ) 
246 
247 Half-life of C138(T0) 
248 <3*m 
2 
220 Efficiency of the G-M tube (E) . 
221 
Secondly, the data are read into the following locations : 
225 Total initial chlorine activity (An) 
226 u 
^0 
227 Observed half-life (Tn) 
228 <&, ° 
0 ^ 
230 Initial activity of Cl^' (A,) 
231 \ 1 
232 Initial activity of CI3® (A0) 
233 «rAa 
234 Observed Sr^ click rate (sec/click) 
235 Observed Uo0, counting, rate (cpm) 
. 236 : Dosage (D)^. 3 ; ' 
:: . 
.238" . Chemical yield '6'f .chlorine or weight of^ poly- . 
185 
styrene (Y) 
239 ^ -
Note- tha't-the data- for - locations 225 to 233 should read in 
directly from the output cards of the least square analysis 
program. The output data are punched from the following 
locations : 
280 Total chlorine nuclei (°0 
281 ^ _ 
282 Nuclei of CI39 (<) 
283 ^ 
284 Nuclei of CI00 (o<0) 
285 (C 
2 
c. Deck assembly The deck assembly is as follows: 
(a) Bell system deck, (b) Bell normal mode deck, (c) Bell 
six word punch card, (d) Bell memory reset card, (e) program 
(followed by modification for the counter efficiency if 
used), (f) constants, (g) transfer card to location 100, 
(h) data cards, read into locations 225 to 239 in order. 
6. .Conversion of yield cards into decks 
a. Introduction The above program punches the 
results of the calculation onto separate cards, which is a 
convenient form for tabular purposes ; however, for the 
cross section analysis program, the data must be reassembled 
into separate decks.. This program performs this conversion 
by .non-arithmetic .'machine operations'. •; . 
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The program, as written, will handle up to fifty data 
points. If more than fifty data points are used, it is best 
to rewrite the program rather than modify it. The loop 
•'instruction in location 113 will handle 3*+ data points ; if 
/'more, or- le'ss -are Used, this instruction should be modified 
in the obvious way. 
b. Data storage - The output cards of the'preceding 
program are the input cards for this program and are read 
in directly. No constants or additional input data are 
required. The output data are in decks with the results 
*i(xk) and (x ) punched.-from locations 300 to 299+k, 
in turn. 
c. Deck assembly The program is loaded in the 
following order : (a) Bell system deck, (b) Bell normal mode 
deck, (c) Bell six word punch card, (d) Bell memory reset 
card, (e) program, (f) transfer card to location 100, (g) 
data cards. 
7» Cross section analysis 
a. Introduction This program computes the cross 
section and the integrated cross section by the method of 
P enfold and Lei s s. The pertinent formulas are -• 
. 
km " xm " ( & * + ^ » -
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ï (xm )  = '  
m 
= i ^  B(xm, 6 ,xi)Y(xi) , 
°
K
" é < ' a K ) '  
and 
•%-
•W1!1 = " ^  
where à is the bin width (i.e., energy increment), / is a 
small correction factor, X (xm) is the yield at the energy 
x . F(x^) is the monitor response function, Y(x„) is the 
m m \ 7 m 
reduced yield, B(xm, A-,x^) are the B-numbers, Jl (k*) is the 
reduced cross section, n is the number of target nuclei per 
cm , f (k). .is the fraction of photons of energy k transmitted 
through all matter between the X-ray target and the sample, 
A 
<5(km> is the physical cross section, and is the 
integrated cross section. 
The program will handle up to 100 pieces of yield data 
and is self-initializing. The B-numbers are read in during 
the course of the calculation and must be in the proper 
order ; if they are not, the program will make an incorrect 
read stop. 
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b. Data storage The input data are of two types. 
First a set of constants are entered as part of the program 
and enter the following locations : 
050 -g- A + <T 
051 n^ 
052 û 
053 +1000000060 
054 numbgr of data points (as OOOOxxxOOO). 
055 number of data points (as OOOOOOOxxx) 
The data decks are read in during the calculation and enter 
the following bands : 
200 - 199+m xm deck 
600 - 599+m f„(k®) deck (In decreasing order of 
•energy) 
m-' 
T" I 
s-m )  deck 
. _ 400 - 399+m F(x^) deck 
300 - 299+m <<(xm) deck J 
800 - 799+i B(xm, fl,x^) cards. The ind'i'cès i and m • 
are stepped up automatically às part of 
the program. ' • ' •: 
The output data are punched during the course ôf the- calcula­
tion and are punched from following bands : 
200 - 199+m k_ deck *) in I 
700 - 699+m d(k^) deck C (In increasing order of 
800 - 799+m energy) 
c. Deck assembly The complete program is loaded 
in the following order: (a) Bell system deck, (b) Bell normal 
mode deck, (c) Bell six word punch card, (d) Bell memory 
reset card, (e) program, (f) constants, (g) transfer.card 
to location 100, (h) the xm deck, (i) the fg(k£) deck, (j) 
the F(xm) deck, (k) the o((xm) deck, and (l) the B-numbers. 
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8. Additions to cross section program to punch intermediate 
results 
a. Introduction In the course of the cross section 
analysis, it might often be desirable to obtain the inter­
mediate steps in the calculation. The instructions here, 
when added to the basic cross section program, permit punch-
• . 
ing Km= km/nsfs(k*), Y(x^), and -A(k^), as vJell as the 
I * * . 
regular factors punched b^ the. cross /section.program. 
• • • * 
• ' ' • • 
b. Data storage . The input data are identical to 
the • input data of the cross- section, program. .'-The- output 
data.are also'the same as ' before, but, in' -addition, the. 
following decks' are 'punched .from -the' indicated bands during ' 
the course of the calculation: 
200 - 199+m deck ~) (In decreasing order of 
900 - 899+m Y(x^) deck j energy) .. 
Ill 
700 - ,699+m A (k^) deck (In increasing order of energy 
c. Deck assembly The program is assembled as before 
except that the additions, to the-' basic -program'- are placed" 
after the cross section program deck'. '• . . . 
9• Additions to cross section program to compute standard.' . 
deviations " . • ' •' . 
. . • 
. 
• • 
a. Introduction These additions, when added to the 
basic cross section program, permit calculation of the stand­
ard deviations of the cross sections. The pertinent 
190 
formulas are 
SïCxJ - E(*(x )F(xm} ' 
m' *"m 
f t  
* /-6b %(kl) - I l ^ rn ®2-m'' * )Xm)EY(xiJ] > m 
and 
•' 7 •kiS6(kyvX) 
-m .. - -m-. . . .. .. • •• 
where is-the standard deviation of.the'quantity f. Note 
thatthë.calculation assumes errors only in the yield data 
and so the calculated errors are actually only the errors 
due to counting statistics. 
In addition to the above functions, this program also 
calculates the function 
m 
G(x ) = Û 
m J>5 E^ ki} 
It was originally thought that the function G(x ) was the 
standard deviation of the integrated cross section: however, 
this is the incorrect formulation. The proper formula for 
the standard deviation of the integrated cross section is 
jnj / m, 
E '  1-
"intern5 " n 's Z I  5 
or, as Penfold and Leiss *(20, Equations 25a and 26) show? 
a simpler K more approximate relation, good to.about 25$, is 
191 
= 777177 B(V 4 'Xm)EY(xm) * 
s s m • 
. Unfortunately, this error.was not detected until too 
late, so the program includes the calculation of G(x ) which 
should "be. ignored. The calculation of G(x ) may be sup-
' m • 
pressed - .by adding the following instruction 
- • 
- .% - -133. +0000000000 . . . 
to. thé -program..". .This will conclude-.the.-pr.og-r.'am .after'-punch'-, 
ing the standard deviations of the cross section. . 
b. Data storage The input data storage locations 
are the same as for the cross section program with the 
E^(x ) data replacing the (xm) data in locations 300 to 
299+m. Similarly, the output data are the same as the cross 
section program with the and G(x*) data replacing the 
m 
dXk® ) and data in locations 700 to o99+m and 800 
to 799+m, respectively. 
c. Deck assembly The program is loaded as for the 
cross section analysis except that the additions are added •. 
after the cross section program and the \ • 
••• - • deck replaces-
the X'(-Xm) deck-.- .' ' ' •' 
10. Conversion of. cross section decks into cards 
: * : : : : : 
•  *  •  • •  *  
• • • • 
. • 
a»e Introduction The above «programs punch the cross 
sections, integrated cross sections, and standard deviations 
192 
in separate decks. For tabular and data presentation pur­
poses, it is far more convenient to have the individual data 
for each energy on a separate card. It is the purpose of 
this program to convert the decks into individual cards. 
As presented in Figure 37» the program will handle up 
to 50 pieces of data and requires a revision of the loca­
tions of the integrated cross section and its standard 
deviation from the 800 to 799+m band to the 750 to 7^ 9+m 
band. If desired, tjie program may be made to handle up to 
• * 
100 pieces of data, and to use the cards punched by the 
. • 
preceding programs directly by making the fallowing revi-
• • • 
0 
sions in the program: . • 
106 +0400800799 '  
107 +9000800^00 
108 +0^ 00800799 
. . . - 109 +9000800600 
• • 
• • e 
. The program, as presented, in Figure 37»* also -converts 
the relative cross sections into absolute ones by multiply-
• a a ing the cross sections by 1/E, where E is .the efficiency of 
* 
the G-M tube. 'If -this i's done with .the program which 
- - ; - . . ' 
calculates the yield (where it should be done), the calcula-
' 
tion here may be suppressed .very easily by the following 
. 
instruction: " 
• . 
115 +0^10700704 
b. Data storage The input data are of two forms. 
First, a set of constants are read into the following loca­
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tions as part of the program 
0^ 0 number of data points (as OxxxOOOOOO) 
051 number of data points (as OOOOxxxOOO) 
052 number of data points (as OOOOOOOxxx) 
053 efficiency of G-M tube (if used) 
The data decks are read into the following locations in turn 
200 - 199+m kjjj deck 
700 - 699+m <f (k*)deck 
700 - 699+m y^(k^ ) deck 
800 - 799+m ^int^m^ deck 
800 - 799+m E , deck 
int m 
The output data are punched from the following locations on 
separate cards for each value of m: 
700 
701 <f(k*) 
m 
7°3 «W# 
704 XtCk»> 
c. Deck assembly The program is assembled as fol­
lows: (a) Bell system deck, (b) Bell normal mode deck, (c) 
Bell five word punch card, (d) Bell memory reset card, (e) 
program, (f) modifications (if used), (g) constants, (h) 
transfer card to location 100, (i) the k* deck, (j) the 
cf (k&) deck, (k) the deck, (l) the deck> and 
m 
(m) the E _ ,, 0>, deck. 
int m 
